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High-valent Silicon and Low-valent Phosphorus 
Chemistry 
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1.1 Introduction 
This thesis describes two topics in main-group chemistry: the development 
of novel stable, hypervalent pentaorganosilicates; and the search for 
strained and dynamic organophosphorus compounds. Before highlighting 
both topics separately in the following sections, we discuss the relationship 
of Si and P with other main-group elements. 
The concept of valence was developed by Lewis and Langmuir,[1a–c] who 
recognized that each atom in a normal molecule has eight electrons in its 
outer shell, like a noble gas.[1d] For example, carbon and other group 14 
elements (Figure 1) are called tetravalent for their tendency to form four 
covalent bonds to obey the octet rule, while nitrogen and phosphorus often 
occur as tricoordinate compounds with a lone pair on the heteroatom. 
Apart from this vertical relationship on the basis of valence electrons, 
Figure 1 shows a diagonal correlation of the electronegativities. Silicon, the 
first heavier congener of carbon, is electropositive like boron (1.90 and 
2.04 on the Pauling scale,[2] respectively) and is able to accept nucleophiles 
to form e.g. stable silicates, which parallel borates. However, these silicates 
are hypervalent in the sense that the Si atom now has five bonds and thus 
exceeds the octet rule.[3,4] A popular model that amends this discrepancy 
involves a 3 center–4 electron (3c–4e) bond,[5] analogous to the successful 
3c-2e bonding model for boranes.[6] 
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Figure 1. Section of the Periodic Table of the elements, with valence electron 
configurations and electronegativities on the Pauling scale.[2] 
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Likewise, the parallel between carbon and phosphorus has been addres-
sed frequently with respect to both molecular composition and chemical 
behavior.[7] For example, similar to carbenes (R2C:), the six-electron 
phosphinidenes RP: add to C=C double bonds to give phosphiranes, the 
phosphorus analogues of cyclopropanes. On the other hand, the P lone pair 
can coordinate to a metal center, and organophosphorus compounds have 
found important applications as stable ligands in transition-metal 
catalysis.[8] 
1.2 Pentaorganic Silicate Compounds 
The first hypervalent silicon species dates from 1809, when Gay-Lussac 
reported SiF4•2NH3,[9] but this field remained almost unexplored until the 
1970s. In the context of the nucleophilic substitution and activation of 
silicon, numerous hypercoordinate silicon compounds have since been 
reported,[10,11] including neutral and cationic species,[12] and even some 
with coordination numbers up to eight.[13] Most silicates are rather sensitive 
to hydrolysis, but the group of Tacke[14] recently synthesized a range of 
zwitterionic silicates including one that is water-soluble. Also a silicate 
resin linker and a photoswitchable silicate have been reported.[15] 
We will first discuss the possible geometries of pentacoordinate silicates 
and their encountered structural nonrigidity, after which we review the 
rather rare species with four or five carbon substituents. 
1.2.1 Geometry and Electronic Structure 
Pentacoordinate silicates can adopt two basic structures: a trigonal 
bipyramid (TBP, 1) or a rectangular pyramid (RP, 3). Crystal structures have 
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been determined for several silicates, showing geometries that range from 
TBP to RP.[16] The more electronegative ligands preferentially occupy the 
axial sites in TBP or the basal sites in RP geometries, as in 2 and 3, 
respectively. Most silicates are best described as TBPs with a certain degree 
of distortion to RP. The axial bonds are longer than the equatorial bonds 
(e.g. 1: 1.646 vs 1.591 Å, respectively), while both types of bonds are 
elongated as compared to silanes. 
The electronic structure of silicates and related hypervalent species 
continues to be of much interest. Several models have been put forward, 
and some outdated ones tend to recur in the literature. At first sp3d 
hybridization was proposed,[17] but it is now recognized that the 3d orbital 
is too high in energy to be involved in bonding and rather acts as a 
polarization function in molecular orbital (MO) calculations.[18] In the 
1960’s, Pimentel and Rundle proposed 3c-4e bonding in FHF−, the 
trihalides, and XeF2, which was expanded by Musher to other hypervalent 
molecules.[5,19] According to this model, silicates have three sp2 hybrid 
equatorial bonds, leaving a 3pz orbital that forms a 3c-4e bond with the 
axial ligands (Figure 2a). A serious flaw of the Rundle-Musher model is that 
it predicts the equatorial bonds to be shorter than in normal-valent 
 
Figure 2. a) Rundle–Musher[5,19] and b) Muetterties–Mislow MO model.[20] 
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compounds, in contrast with experimental observations for silicates. In 
1972, the groups of Muetterties and Mislow independently presented an 
MO treatment of the related PH5,[20a,b] showing instead that the highest 
occupied orbital is non-bonding and localized on all five ligands (Figure 
2b). Gimarc extended this model to other group 13–15 elements.[20c] 
Recent computational analyses with Bader’s Atoms In Molecules (AIM)[21] 
theory suggest that the silicate bonds are ionic rather than covalent,[22] 
while Electron Localization Function (ELF) studies suggest five similar polar 
bonds.[23] A modified octet rule has also been proposed,[24] stating that an 
atom may have eight or fewer electrons in its valence shell if bond polarity 
is taken into account. Gillespie et al.[3,23c,25] showed that this modification 
of Lewis’s definition is not functional, and advocated to abandon the term 
hypervalent as there is no fundamental difference between the bonds in 
hypervalent and non-hypervalent compounds. Apparently, the octet rule 
does not apply to lower-period elements as strictly as it does to those in 
period 2; it depends primarily on the size of the atom whether it may have 
more than a total of four ligands and lone pairs. 
1.2.2 Stereochemical Nonrigidity 
NMR studies on fluorosilicates showed rapid intramolecular exchange of 
axial and equatorial fluorine ligands,[26] in analogy to the related phos-
phoranes.[27] The observed stereochemistry for nucleophilic substitution 
reactions on silanes is also explained by the structural nonrigidity of 
pentacoordinate silicon intermediates.[10c] The accepted mechanism is the 
Berry pseudorotation (Figure 3a),[28] in which two axial ligands (1, 5) bend 
inward and two equatorial ligands (3, 4) bend outward simultaneously, 
passing through a rectangular pyramidal transition state. Ugi et al.[29] 
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Figure 3. a) Berry pseudorotation[28] and b) turnstile rotation mechanism.[29] 
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proposed the alternative turnstile rotation mechanism (Figure 3b), in which 
the five ligands are divided into a pair (1, 2) and a trio (3, 4, 5) that rotate 
in opposite directions around a common axis. Russegger and Altmann[30] 
independently argued that the turnstile rotation is an activated mode of the 
Berry pseudorotation. 
The barrier for Si epimerization is usually very low; only a single 19F NMR 
resonance is observed even at the lowest temperatures for most RSiF4– 
species and for 4.[31] Martin and coworkers[32] measured barriers for spiro-
cyclic silicates 5 of ΔG ‡424 K (R) = 16.8 (CN) and 17.5 (F), up to 28.6 (nBu) 
and 29.0 kcal mol–1 (PhCHMe), and found an excellent correlation with Taft 
σ * inductive parameters. The proposed highest-energy structure of 5 is a 
TBP with the R group axial that will be stabilized by more electronegative R, 
in accord with these observations. More recently, Tacke et al.[14b,g] reported 
6 with an exchange barrier of 21 kcal mol–1, and amino acid-derived 
compounds 7 (R = iPr, tBu) that do not epimerize at room temperature. 
Pentacoordinate phosphorus compounds generally exhibit higher Berry 
pseudorotation barriers than their silicon counterparts.[32] In 1994, Akiba 
and coworkers[33] isolated phosphorus analogues of 5 in optically pure 
form that are only asymmetrical at phosphorus, and they were also able to 
replace the monodentate group (R = nBu: ΔG ‡ > 34 kcal mol−1). 
There is a growing interest in the application of chiral silicon species in 
asymmetric catalysis, either as chiral auxiliary or as the active center.[34] 
Chiral hypercoordinate silicon intermediates have been proposed in a 
number of asymmetric conversions, such as threo-directed reduction of 
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ketones[34a,b] and asymmetric allylations.[34c,d,e] Promising results in this 
field have recently been reported by the group of Oestreich.[34f–h] 
1.2.3 Tetra- and Pentaorganosilicates 
Most known silicates contain at least two electronegative fluorine, oxygen, 
and/or nitrogen ligands that stabilize the hypercoordinate silicon center. In 
2005, Tacke and coworkers[14h] synthesized 8, which has four much less 
electronegative sulfur groups. Only recently, the first silicon hydrides 9 and 
10 were reported, which do not contain electronegative ligands;[35] in the 
crystal structure of 10, the hydrogen atoms occupy the axial sites.[35c] 
In gas-phase flowing-afterglow experiments, DePuy et al.[36] observed 
silicates with four carbon substituents such as 11 and 12, and even the 
pentaorganosilicate 13. In solution, reaction of silacyclobutanes with 
nucleophiles results in ring expansion or ring opening instead, which 
currently finds application in polymerization reactions.[37] Likewise, silicates 
14–16 with four carbon substituents are highly reactive intermediates in 
trifluoromethylation (14, 15) and cyanide displacement reactions (16) and 
were only very recently detected in solution.[38] The only known crystal 
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structure of a tetraorganosilicate is that of 17, obtained by Dixon et al. in 
1988,[39] showing axial and equatorial Si–C bond lengths of 2.050 and 
1.902–1.924 Å, respectively. The group of Bushuk[40] determined the 
structure of neutral species 18, which features a monocapped tetrahedral 
geometry (Si–C1 = 1.883, Si–C2 = 1.866, Si•••N = 2.725 Å). 
The pentaorganosilicates have eluded characterization even longer, 
although their intermediacy in substitution reactions has been proposed 
repeatedly.[41] Dixon et al.[39] reported the isolation of pentaorganic 19, but 
this compound was too unstable to obtain proper MAS NMR or X-ray 
structural data. In THF solution, 19 is in rapid equilibrium with CN− and the 
silane, leading to coalescence phenomena on NMR; its 29Si NMR resonance 
was estimated at δ = −139 ppm. In 1999, Kolomeitsev et al.[42] published 
the first crystal structure of a pentaorganosilicate, sulfonium salt 20, featu-
ring Si–C bond lengths of 2.056 (axial) vs 1.882 Å (equatorial). 20 has a 29Si 
NMR resonance of δ = −112 ppm and is stable in monoglyme up to 0 °C. 
Meanwhile, de Keijzer et al.[43] showed that silicate 21 (L = THF) is 
formed reversibly by cooling a mixture of methyllithium and the cyclic 
silane. If the cation is strongly solvated (L = HMPA), the silicate is the sole 
species present even at 20 °C. HMPA is not required for the formation of 
the spirocyclic 22 (Q+ = [Li(THF)4]+), which does not add excess nucleophile 
to become hexacoordinate.[43b] The intramolecular ligand interchange in 22 
was studied by NMR between −65 and +50 °C to give a Berry 
pseudorotation barrier of ΔG ‡247 K = 13 kcal mol−1.[43b] Some other silicate 
species with butadien-1,4-yl moieties could be observed, as well as 
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pentaphenylsilicate 23, but these were less stable. In 2002, the groups of 
Lammertsma and West[44] independently reported crystal structures of 22 
(Q+ = nBu4N+, [Li(DME)3]+). The tetrabutylammonium salt is air-stable and 
melts at 177–182 °C;[44a] the biphenyl moieties span axial and equatorial 
sites, with average Si–C bond lengths of 2.015 and 1.945 Å, respectively. 
The exceptional stability of this pentaorganosilicate provides interesting 
opportunities in hypervalent silicon chemistry. 
1.2.4 Conclusions 
Hypervalent silicon species show a rich chemistry that is determined at 
least in part by the occurrence of intramolecular ligand interchange. Appli-
cation of silicates in asymmetric catalysis is currently under development, 
which asks for control of their dynamic behavior. Another recent advance is 
the isolation and characterization of silicates with five carbon substituents. 
The high stability of bis(biphenyl)methylsilicate 22 raises questions about 
its chemical structure, the special role of its bidentate ligands, and the 
possibility of extending the field of pentaorganosilicates by variation of the 
ligands. 
1.3 Strained and Dynamic Organophosphorus Compounds 
1.3.1 Phosphinidenes in Organophosphorus Chemistry 
The fundamental low-coordinate organophosphorus units in phospha-
organic chemistry are the analogues of alkenes, alkynes, and carbenes.[7] 
We focus on the phosphinidenes, which have only six valence electrons and 
are highly reactive, transient species, like carbenes. Recently, the ‘free’ 
phosphinidene MesP: was characterized at low temperatures in inert 
matrices, confirming its triplet ground state.[45] In contrast, terminal 
phosphinidene transition-metal complexes are singlet species, the more 
selective electrophilic reactivity of which is useful for synthetic purposes.[46] 
A widely applied precursor is 9-phosphanorbornadiene 24, reported by 
Mathey and coworkers[47] in 1982, from which transient phosphinidenes 
Chapter 1 
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[R–P=W(CO)5] are generated by cheletropic elimination at 110 °C. CuCl 
catalyzed decomposition already takes place at 55 °C, but the resulting 
phosphinidene–Cu(I) species shows a reduced reactivity.[48–50] Borst et al.[51] 
recently developed an alternative class of precursors, benzophosphepines 
25, which isomerize under mild conditions to the phosphanorcaradiene to 
liberate the transient phosphinidene (R = Ph: 55 °C, Me: 65 °C). 
Phosphinidenes add readily to alkenes and alkynes to give phosphiranes 
and phosphirenes, respectively.[52] This reactivity has been exploited to 
synthesize a wealth of organophosphorus compounds, including inherently 
strained compounds such as phospha[7]triangulane 26,[50] diphosphaspiro-
pentane 27,[53] and fused oligocyclic species 28 and 29.[54,55] The reverse 
process, thermal or photochemical retroaddition of a phosphinidene, is a 
well-documented decomposition pathway of phosphiranes.[56,45a,c] Never-
theless, 26 is exceptionally stable due to its spirofusion. The ring-fused 
species 29 and 30[49] were obtained as E and Z isomers, which show a 
remarkably large difference in 31P NMR chemical shift (29: Δδ P = 40, 30: 48 
ppm). The isomers of structurally related 7-phosphanorbornenes 32 feat-
ure shielding differences of 60–70 ppm, which Chesnut et al.[57] attributed 
to the presence of the double bond on the basis of theoretical analyses. 
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1.3.2 Rearrangements and Dynamics 
The ring strain in phosphiranes is smaller than in cyclopropanes (G3(MP2): 
21.4 vs 28.4 kcal mol–1 for the parent species)[58] but the P–C bonds are 
weaker, rendering the heterocycles prone to rearrangement. For example, 
phosphabicyclo[1.1.0]butane 30 is converted upon heating to 
phosphacyclobutene 31[49] and similarly, phosphabenzvalenes 33 ring open 
to the more stable phosphabenzenes 34.[59] The thoroughly studied 
rearrangement of vinylphosphiranes 35 to phospholenes 36 involves a 
suprafacial [1,3]-sigmatropic shift with singlet diradical character,[60] which 
is fully analogous to the vinylcyclopropane–cyclopentene rearrangement.[61] 
Bicyclic compound 37 is dynamic in solution, as the phosphorus center 
moves around the perimeter of the eight-membered ring via concurrent 
degenerate [1,7]-sigmatropic shifts.[62] Such circumambulatory rearrange-
ments are well-known for bicyclic cyclopropanes.[63] 
The [3,3]-sigmatropic Cope rearrangement is also paralleled in organo-
phosphorus chemistry. The group of Mathey[64] reported that addition of 
vinyl-substituted phosphinidenes to dienes afforded the oligocyclic 
products 40 next to the expected phosphiranes 38. They proposed a 
phospha-Cope rearrangement to phosphaalkenes 39, followed by Diels–
P
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Alder-type addition of a second equivalent of diene. Examples that do not 
involve phosphiranes have been known since 1979,[65] when Appel et al. 
reported on the rapid dynamic phospha-Cope rearrangement of 41. Reiher 
and Kirchner[66] recently calculated that barbaralane analogue 42 would 
have a delocalized, bishomoaromatic ground state. The group of Quast[67] 
pursued the synthesis of delocalized all-carbon barbaralanes and 
semibullvalenes. 
1.3.3 Ligands in Catalysis 
Several products from low-valent organophosphorus chemistry have been 
applied as ligands in homogeneous catalysis. For example, optically active 
P-menthylphosphirane 43 was obtained by addition of a phosphoryl-
phosphane anion to styrene oxide.[68] Its cationic rhodium(I) biscomplex 
shows significant enantiomeric excess as an alkene hydrogenation catalyst, 
but it suffers from ligand decomposition. In 1999, Grützmacher and 
coworkers[69] constructed BABAR-Phos 44 via formal intramolecular 
phosphinidene addition. This very robust polycyclic phosphirane is a 
suitable ligand for platinum-catalyzed hydrosilylation and recyclable 
rhodium-catalyzed hydroboration reactions. 
Other robust cage phosphines such as phosphabarrelenes 45[70] and 
bis(1-phosphanorbornadienyl) 46 (BIPNOR)[71] have been obtained by Diels–
Alder-type addition of alkynes to phosphabenzenes and 2H-phospholes, 
respectively. Breit et al.[72] recently reported on rhodium complexes of 45 
that display high activity towards hydroformylation of internal alkenes with 
very little alkene isomerization. Palladium(II) complexes of phosphine 
sulfide-substituted phosphabarrelenes have been used as catalysts in 
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Suzuki cross-coupling reactions and for the allylation of secondary 
amines.[73] BIPNOR (46) displays high enantioselectivity in the rhodium-
catalyzed hydrogenation of alkenes,[71a,b] while a modified BIPNOR ligand is 
competitive with the best ligands proposed in the literature for the 
asymmetric Heck reaction.[71c] 
Recently, Lammertsma and coworkers[74] reported the synthesis of 
basket-like diphosphine ligands 47–49, which contain a phosphirane 
moiety, by intramolecular phosphinidene addition. The P–Mo–P angle of 
69.7° in 47 is very small for a five-membered chelate ring. These highly 
stable, rigid diphosphines have not yet been applied in catalysis. 
1.3.4 Conclusions 
Terminal phosphinidene complexes play an important role as carbene-like 
transient intermediates in low-valent phosphorus chemistry, affording a 
rich variety of products. Strained phosphiranes show interesting electronic 
properties, as indicated for example by their mutual variations in 31P NMR 
chemical shift. Some unsaturated organophosphorus compounds show 
dynamic behavior similar to their all-carbon analogues. Other, cage-like 
species serve as rigid ligands in homogeneous catalysis. 
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1.4 Scope and Outline of this Thesis 
1.4.1 Stable and Configurationally Rigid Pentaorganosilicates 
In the first part of this thesis, we explore the emerging field of stable 
pentaorganosilicates, with the aim to develop configurationally rigid 
analogues. Such species may find application e.g. as novel chiral auxiliaries 
or in chiral ionic liquids. To this end, we performed an intimate 
combination of synthetic and high-level computational studies. 
Chapter 2 describes the synthesis and crystal structure of novel 
pentaorganosilicate 50, suggesting a more general basis for these highly 
stable species. We report the first-time observation of two 
pseudorotamers, I and II (Scheme 1), which are in dynamic equilibrium in 
solution. The thermodynamics and kinetics of this process are probed by 
variable-temperature NMR spectroscopy.[75] 
In Chapter 3, we investigate the electronic structure and stability of 
pentaorganosilicates by computational means. These species have 
polarized covalent Si–C bonds, and the axial bonds are prone to heterolytic 
cleavage. Bonding energy analyses are then used to address the electronic 
and steric factors that govern the thermodynamic stability of carbon-
substituted silicates. This provides a satisfying and predictive explanation 
for the extraordinary stability and the preferred geometry of spirocyclic 
pentaorganosilicates with two bidentate biaryl moieties.[76] 
Si
Me
N
Si
Me
N
Si
Me
N
N N
N
 
Δ-50.I Λ-II Δ-III 
Scheme 1. Dynamic configurational isomerism of silicate 50. 
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Chapter 4 offers a detailed DFT study of intramolecular ligand exchange 
for spirocyclic bis(biaryl)silicates via two modes of Berry pseudorotation 
(Figure 4), and provides concepts to moderate the barriers of these 
processes. The computed thermodynamics and kinetics are in excellent 
agreement with experimental values. In this context, we also report on the 
synthesis and first full NMR spectroscopic characterization of a 
fluorosilicate with four carbon substituents, which pseudorotates rapidly in 
solution.[77] 
In Chapter 5, we apply the concepts from the previous chapters to 
develop a novel stable pentaorganosilicate with a rigid helical structure. Its 
lithium salt 53 is obtained straightforwardly (Scheme 2), and full NMR 
spectroscopic characterization confirms the predicted configuration. The 
high barrier for racemization revealed by DFT calculations should suffice to 
ensure the stereochemical rigidity of 53 under ambient conditions. This 
silicate awaits isolation and application in enantiomerically pure form.[78] 
Mechanism A: 
4
55
1
4
3
2
2
4
5
3
1≡
1
23 3
1
4
2
5
BPR
 
Mechanism B: 
5
1
4
3
2
5
4
2
3
1≡
4
5
3
2
1
5
4 1
23
BPR1 BPR2
 
Figure 4. Berry pseudorotation mechanisms for bis(biaryl)silicates. 
N
Br
1) 4 nBuLi
2) SiCl4
2 Si
N
N MeLi
THF
Si
Me
N
N
Li+
 
51 52 53 
Scheme 2. Synthetic route to configurationally rigid silicate 53. 
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1.4.2 Strained and Dynamic Organophosphorus Compounds 
In the second part of this thesis, we describe our research in the field of 
low-valent organophosphorus chemistry. 
Chapter 6 presents the novel fused tricyclic phosphiranes 54 (Scheme 
3), which are synthesized by exo addition of ‘free’, transient phosphinidene 
complexes to hexamethyl Dewar benzene. The Z and E diastereomers show 
a large difference in 31P NMR chemical shift, and DFT analyses ascribe this 
to their different phosphorus pyramidalizations as well as to the presence 
of the ɣ double bond. The double bond in 54 is too congested for a second 
phosphinidene addition, but we were able to epoxidize it with MCPBA.[79] 
Finally, in Chapter 7, we present a computational study on complexes 
57 (Scheme 4), showing that the basket-like diphosphine ligand would 
readily undergo dynamic [3,3]-Cope rearrangement. In effect, this process 
interchanges the steric and electronic properties of the coordinating 
phosphorus centers, a concept that may prove valuable in catalysis. Also, 
the phosphirane moiety is not prone to phosphinidene retroaddition, which 
is a possible decomposition pathway of 57. Next, we present a synthetic 
strategy toward 57 and describe our attempts to synthesize the hitherto 
unknown tetrahydrodiphosphocynes 56 that are required in this route. 
R
P
W(CO)5
 
RP
W(CO)5
(Z )-54 (E )-54 
Scheme 3. Fused tricyclic phosphiranes. 
PP
Lx
M
PhPh PP
Lx
M
PhPhPh P P PhPh P
X
X
[3,3]
Cope  
55 56 57 
Scheme 4. General route to Cope-diphosphine complexes 57. 
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Chapter 2 
Dynamic Configurational Isomerism of a Stable 
Pentaorganosilicate 
Erik P. A. Couzijn, Marius Schakel, Frans J. J. de Kanter, Andreas W. Ehlers, 
Martin Lutz, Anthony L. Spek, and Koop Lammertsma 
 
Molecule with three faces. A new stable crystalline silicate with five carbon 
substituents is reported. In solution it can adopt different configurations. For 
the first time two of these were observed by NMR spectroscopy and shown to 
be in dynamic equilibrium via Berry pseudorotation. The determined 
thermodynamics and kinetics of their exchange are in good agreement with 
B3LYP calculations. 
Angew. Chem. 2004, 116, 3522–3524; 
Angew. Chem. Int. Ed. 2004, 43, 3440–3442 
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2.1 Introduction 
Stable silicates with five carbon substituents are extremely rare.[1] These 
pentacoordinate anions often have a trigonal bipyramidal geometry with 
three equatorial and two apical sites that should make them prone to 
configurational isomerism in which the substituent sites interchange. Such 
a process is known as the Berry pseudorotation mechanism.[2] However, 
pseudorotamers other than the energetically preferred species have seldom 
been observed,[3] even among the more accessible neutral phosphoranes.[4] 
Insight into the thermodynamics of this type of isomerism is even more 
scarce,[4c,d] and non-existent for the silicates. Here we report on a new 
stable pentaorganosilicate of which different configurational isomers 
coexist in solution, and present thermodynamic and kinetic data on their 
interconversion. 
2.2 Results and Discussion 
The starting material bis(1-phenylpyrrole-2,2'-diyl)silane (1) was 
synthesized in 53% yield (white crystals from ethyl acetate; mp 276 °C 
(decomp.)) from 2'-bromo-1-phenylpyrrole in diethyl ether by treatment 
with 2 equivalents of butyllithium (0 °C) and 0.5 equivalents SiCl4 (reflux).[5] 
Reaction of 1 with methyllithium in THF at −78 °C afforded a pale yellow 
solution of lithium silicate 2a (Scheme 1), as indicated by the upfield shift 
of the 29Si NMR signal from δ = −35 to −131 ppm. The NMR spectra were 
Si
N
N
1 2a Q+ = [Li(THF)4]+
2b Q+ = (nBu)4N+
MeLi
TBABr
3'
4'
5'
6'
3
4
5
2
2'
1'
1
Si
Me
N
N
Q+
 
Scheme 1. Synthetic route to silicate salts 2a and 2b. 
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recorded at −50 °C to minimize signal broadening (see below). Compound 
2a was fully characterized by 1H NMR, 13C NMR, HMQC, and HMBC 
spectroscopic measurements. The silicate anion can potentially adopt three 
configurations I–III,[6] which differ in the orientation of the bidentate 
substituents. The 1H and 13C NMR spectra revealed twofold symmetry, while 
the 2D NOESY[7] spectrum showed correlations between H3' and H3 as well 
as between H3' and the methyl group. Only geometry I is compatible with 
these observations (Table 1). Furthermore, the 1J C2,Si value of 86 Hz is 
similar to that of a typical Si(sp2)–C(sp2) bond,[8a] while the 1J C2',Si value of 
30 Hz is much smaller than that of a Si(sp3)–C(sp2) bond (64–70 Hz)[8b] and 
reflects the small silicon s character of the axial bonds. 
Ion exchange with tetrabutylammonium bromide (TBABr) in THF enabled 
near-quantitative isolation of silicate 2b as a moisture-sensitive white solid 
(mp > 160 °C (decomp.)). Studies by NMR spectroscopy in DMF gave results 
Chart 1. Pseudorotational isomers of 2. 
Si
Me
N
Si
Me
N
Si
Me
N
Δ-I Δ-II Δ-III
N N
N
33
333'
3'
3'
3 '3'
3 3'
3
Table 1. H•••H distances (Å) for the pseudorotamers of 
2 calculated with B3LYP/6-31G(d). 
 H3•••H3' H3•••Meb H3'•••Meb 
I 2.69 4.31–4.76 2.60–3.30 
IIa 6.05 eq–eq 4.41–4.79 eq 4.02–4.42 eq
 6.82 ax–ax 3.11–3.64 ax 2.51–3.07 ax
III 2.66 2.85–3.57 4.03–4.49 
a Equatorial (eq) and axial (ax) H3 (H3') interactions are 
listed separately. b Minimum and maximum distance, 
depending on the rotation of the methyl group. 
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comparable to those of 2a. X-Ray crystal structure determination of 2b 
(from DMF) confirmed the geometry (Figure 1).[9] The centrosymmetric 
crystal contained Δ-I and Λ-I in a 1:1 ratio.[10] The trigonal-bipyramidal 
coordination environment around the pentacoordinated silicon atom is 
distorted by 16% towards square-pyramidal along the Berry pseudorotation 
coordinate.[11] The observed bond lengths are in good accordance with 
those of previously reported pentaorganosilicates,[1c,d,12] the apical Si–C 
bonds being distinctly longer than the equatorial bonds. There are no close 
contacts with the ammonium cation, which is disordered in one butyl chain. 
We expected the axial-site preferences of the phenyl and pyrrole 
moieties to be very similar. This led us to the presumption that minor 
quantities of conformers II and III might be present in solution. By using a 
concentrated solution of 2a, an additional 13C resonance was found in the 
NMR spectrum at δ = 9.3 ppm, which was correlated to a methyl 1H signal 
 
Figure 1. Displacement ellipsoid plot (50% probability) of 2b. Hydrogen atoms are omitted 
for clarity. Only the major conformation of the disordered n-butyl group is shown. 
Selected bond lengths (Å) and angles (°): Si–C1 1.903(2), Si–C2 2.024(2), Si–C11 
1.909(2), Si–C12 2.026(2), Si–C21 1.9093(19); C1–Si–C2 93.95(9), C1–Si–C11 
118.51(9), C1–Si–C12 93.31(9), C1–Si–C21 117.25(9), C2–Si–C11 82.97(9), C2–Si–
C12 172.72(8), C2–Si–C21 92.92(8), C11–Si–C12 94.03(8), C11–Si–C21 124.23(8), 
C12–Si–C21 83.26(8). 
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at δ = 0.36 ppm with an intensity of 6% relative to the main silicate. The 
29Si INEPT spectrum also revealed a small but distinct extra signal at δ = 
−128 ppm. We subsequently applied 1H,29Si ge-HMQC as a very sensitive 
2D NMR technique[13] to detect and characterize the silicates. The spectra 
not only showed the methyl and pyrrole groups of the minor silicate (Figure 
2), but even suggested a third pyrrole-containing silicate at δ = −134 ppm 
in an even smaller amount. Unfortunately, no distinctly resolved proton 
signals could be associated with the latter compound.[14] 
If the minor silicate at δ = −128 ppm is indeed II or III, it should be able 
to interchange with I via Berry pseudorotation. Barriers for such processes 
are generally about 9–14 kcal mol−1,[15,1a] which can be readily overcome at 
room temperature and thus lead to line broadening and coalescence 
phenomena. Indeed, the extra 29Si correlations vanished upon warming to 
25 °C and reappeared upon cooling again to −50 °C. Similar behavior was 
observed for a solution of 2b in DMF. Exchange was also indicated by the 
broadening of various 13C resonances at 25 °C, particularly that for the 
δH (ppm)
δSi (ppm)
–135
–130
–125
–140
7.0 6.5 6.0 0.5 0.07.5
 
Figure 2. 1H,29Si ge-HMQC spectrum of 0.33 M 2a (THF/C6D6, −50 °C; optimized for J = 2.25 
Hz; 1H and 29Si INEPT spectra are displayed along the axes). 
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methyl carbon atom; the aromatic signals narrowed again at 90 °C. The 
extra 1H signal also disappeared at room temperature, but the main 
resonance of the methyl protons of pseudorotamer I did not broaden 
significantly. This is a consequence of its abundance, as confirmed by 
dynamic NMR simulations. Hence, we carried out 1H magnetization transfer 
experiments[16] at −25 °C, at which temperature both methyl signals are 
still separated, thus indicating that exchange is slow on the NMR timescale. 
Substantial magnetization transfer occurred indeed from the major (δH = 
0.32 ppm, I) to the minor (δH = 0.36 ppm) resonance on increasing the 
mixing time from 10 ms to 0.5 s. This unequivocally demonstrates 
interchange between I (δ Si = −131 ppm) and the minor silicate (δ Si = −128 
ppm). 
Thermodynamic and kinetic parameters for the exchange process were 
determined by lineshape analysis for the methyl regions of 13 1H NMR 
spectra in the temperature range from −36 to 0 °C. A plot of ln K versus 
temperature displayed excellent linear behavior and gave an energy 
difference between the pseudorotamers of ΔG 258 K = 1.66(6) kcal mol−1. 
The Eyring plot gave an activation barrier of ΔG ‡258 K = 15.5(5) kcal mol−1 
for pseudorotation of the major to the minor isomer. These values are in 
very good agreement with B3LYP/6-31G(d) calculations,[17] which indicated 
that I is more stable than II (+1.8 kcal mol−1), with an overall barrier of 
15.0 kcal mol−1 (I→III→II). On this basis we assign configuration II to the 
silicate with a 29Si NMR resonance at δ = −128 ppm. The similar 
temperature behavior of the 1H,29Si correlation at δ = −134 ppm makes us 
speculate that it might originate from the third pseudorotamer. The 
calculated relative energy of III (+2.6 kcal mol−1) would be consistent with a 
rather low abundance, since its pseudorotation barrier is also modest 
(+12.1 kcal mol−1). 
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2.3 Conclusions 
In conclusion, silicate pseudorotamers have been observed in dynamic 
equilibrium for the first time. This allowed for the determination of the 
thermodynamics and kinetics of the Berry pseudorotation mechanism 
involved. The reported pentaorganosilicate also gives more insight into the 
stabilizing factors of these very rare anions. 
Acknowledgement. This work was supported by the Netherlands 
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2.4 Experimental 
1-(2'-Bromophenyl)pyrrole was prepared by a literature procedure.[18] Diethyl ether 
(DEE) was distilled from lithium aluminium hydride, tetrahydrofuran (THF) from 
sodium–benzophenone, and dimethylformamide (DMF) from phenylzinc iodide. 
Deuterated DMF was dried over activated molsieve (3–4 Å). Tetrabutylammonium 
bromide was dried by gentle melting under vacuum prior to use. Commercially 
available butyllithium and methyllithium were purchased as 1.6 M solutions in 
hexanes and diethyl ether, respectively. 
NMR spectra were recorded on a Bruker Avance 400; NMR chemical shifts are 
internally referenced to the solvent for 1H (CHCl3: 7.26, THF: 3.60, DMF: 2.90 ppm) 
and 13C (CDCl3: 77.16, THF: 67.41, DMF: 36.28 ppm), and externally for 29Si to TMS. 
FAB mass spectrometry was carried out using a JEOL JMS SX/SX 102A four-sector 
mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Samples 
were loaded in a matrix solution (3-nitrobenzyl alcohol) onto a stainless steel probe 
and bombarded with xenon atoms with an energy of 3 KeV. During the high 
resolution FAB-MS measurements a resolving power of 10,000 (10% valley 
definition) was used. 
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Bis(1-phenylpyrrole-2,2'-diyl)silane (1) 
n-Butyllithium (10 mL, 16 mmol) was added slowly to a solution of 
1-(2’-bromophenyl)pyrrole (1.78 g, 8 mmol) in DEE (15 mL) at 0 °C. The yellow 
solution was treated with tetrachlorosilane (0.46 mL, 4 mmol), and the resulting 
suspension was heated at reflux for 4 h. Acidic aqueous workup, extraction, and 
evaporation of the solvent afforded crude 1, which was recrystallized from ethyl 
acetate in 52% yield (0.65 g, 21 mmol); mp 275.7–279.6 °C (minor decomp.); 
29Si{1H} INEPT NMR (79.5 MHz, 3J HSi = 4.5 Hz, 4H, CDCl3, 25 °C): δ −35; 13C{1H} NMR 
(100.6 MHz, CDCl3, 25 °C): δ 148.8 (C1'), 135.2 (C3'), 132.2 (C5'), 124.7 (C4'), 
124.4 (C2'), 123.8 (C2), 120.7 (C3), 119.2 (C5), 114.5 (C4), 111.8 (C6'); 1H NMR 
(400.1 MHz, CDCl3, 25 °C): δ 7.54 (dd, 2H, 3J HH = 2.6, 4J HH = 1.0 Hz, H5), 7.47 (td, 
2H, 3J HH = 7.7, 4J HH = 1.3 Hz, H5'), 7.42–7.37 (m, 4H, H6'/H3'), 7.07 (td, 2H, 3J HH = 
7.2, 2J HH = 1.0 Hz, H4'), 6.58 (dd, 2H, 3J HH = 3.4, 4J HH = 0.9 Hz, H3), 6.46 (dd, 2H, 
3J HH = 3.2, 3J HH = 2.7 Hz, H4); HR FAB-MS: calcd for C20H15N2Si (M + H): 311.1005, 
found: 311.1009; GC-MS m/z (%): 310 (100) [M ]+. 
Lithium bis(1-phenylpyrrole-2,2'-diyl)methylsilicate (2a) 
Methyllithium (90 μL, 0.144 mmol) was added to a solution of 1 (42.8 mg, 0.138 
mmol) in THF (1.0 mL) at −78 °C. After stirring the mixture for 30 min, the pale 
yellow solution of 2a was warmed to room temperature. 29Si{1H} INEPT NMR (79.5 
MHz, 2J HSi = 7.0 Hz, 3H, THF/THF-d 8, −50 °C): δ −131 (1J Si,C2 = 86, 1J Si,Me = 64, 
1J Si,C2' = 30 Hz); 13C{1H} NMR (100.6 MHz, THF/THF-d 8, −50 °C): δ 155.6 (C2', 1J CSi 
= 30 Hz), 144.8 (C1'), 139.2 (C2, 1J CSi = 86 Hz), 132.7 (C3'), 123.9 (C5'), 121.6 
(C4'), 118.7 (C3), 113.1 (C5), 110.1 (C4), 108.7 (C6'), 6.1 (Me, 1J CSi = 64 Hz); 1H 
NMR (400.1 MHz, THF/THF-d 8, −50 °C): δ 7.51 (d, 2H, 3J HH = 6.4 Hz, H3'), 7.25 (s, 
2H, H5), 7.10 (d, 2H, 3J HH = 7.6 Hz, H6'), 6.92 (t, 2H, 3J HH = 7.0 Hz, H5'), 6.85 (t, 
2H, 3J HH = 6.9 Hz, H4'), 6.08 (d, 2H, 3J HH = 2.4 Hz, H3), 6.04 (t, 2H, 3J HH = 2.6 Hz, 
H4), 0.32 (s, 3H, 2J HSi = 7 Hz, Me). 
Tetrabutylammonium bis(1-phenylpyrrole-2,2'-diyl)methylsilicate (2b) 
A slightly warmed solution of tetrabutylammonium bromide (22.4 mg, 0.138 mmol) 
in THF (1.0 mL) was added to a solution of 2a in THF at −78 °C. The resulting white 
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suspension was warmed to room temperature, precipitated by centrifugation, 
washed with THF, and dried under vacuum. This afforded 2b as a white powder in 
94% yield (70.1 mg, 0.128 mmol), which could be recrystallized from DMF; mp > 
160 °C (decomp.); 29Si{1H} INEPT NMR (79.5 MHz, 2J HSi = 7.0 Hz, 3H, DMF/DMF-d 7, 
-50 °C): δ −131; 13C{1H} NMR (100.6 MHz, DMF/DMF-d 7, −50 °C): δ 156.0 (C2'), 
145.6 (C1'), 139.6 (C2), 133.4 (C3'), 125.3 (C5'), 122.9 (C4'), 119.8 (C3), 115.3 
(C5), 111.5 (C4), 110.3 (C6'), 58.4 (NCH2), 24.1 (NCH2CH2), 20.3 (CH2CH3), 14.2 
(CH2CH3), 7.3 (Me); 1H NMR (400.1 MHz, DMF/DMF-d 7, −50 °C): δ 7.51 (s, 2H, H5), 
7.49 (d, 2H, 3J HH = 6.8 Hz, H3'), 7.28 (d, 2H, 3J HH = 7.6 Hz, H6'), 6.95 (t, 2H, 3J HH = 
6.8 Hz, H5'), 6.88 (t, 2H, 3J HH = 6.9 Hz, H4'), 6.08 (s, 4H, H3/H4), 1.66 (br. s, 8H, 
NCH2CH 2), 1.29 (m, 8H, CH 2CH3), 0.89 (t, 12H, 3J HH = 7.3 Hz, CH2CH 3), 0.29 (s, 3H, 
Me), NCH 2 is buried under the solvent peak; HR FAB-MS: calcd for C21H18N2Si (M + 
H): 326.1239, found: 326.1240. 
Dynamic NMR study of 2a 
A 0.33 M solution of 2a in THF was subjected to 1H NMR at thirteen temperatures 
between −36 °C and 0 °C. The methyl regions (0.425–0.175 ppm) of the spectra 
were stored, each data set consisting of 792 points in a range of 100 Hz. After 
Table 2. Fit parameters of the lineshape analyses. 
T 
(°C) 
ν 2 − ν 1 
(Hz) 
w 
(Hz) χ 1 χ 2 
Σk 
(s−1) r
2 
−36 16.080 3.60 0.933 0.067 2.0 0.9983 
−33 16.085 3.70 0.932 0.068 2.5 0.9975 
−30 15.958 3.60 0.932 0.068 3.2 0.9974 
−27 15.930 3.58 0.931 0.069 4.1 0.9963 
−24 15.745 3.75 0.930 0.070 5.5 0.9956 
−21 15.750 3.85 0.929 0.071 6.5 0.9969 
−18 15.840 4.00 0.928 0.072 8.0 0.9974 
−15 15.650 4.10 0.927 0.073 11.0 0.9955 
−12 15.600 4.30 0.927 0.073 14.0 0.9968 
−9 15.370 3.60 0.926 0.074 17.5 0.9988 
−6 15.750 3.65 0.925 0.075 21.0 0.9988 
−3 15.210 3.50 0.925 0.075 27.0 0.9981 
0 14.910 3.30 0.924 0.076 33.0 0.9996 
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application of a first order baseline correction, the data were fitted to a function 
describing dynamic exchange between two singlet resonances with equal line 
widths (Table 2). The mathematical description of the dynamic exchange function 
was derived from ref. 19. 
The I ⇄ II equilibrium constant was calculated from the resulting relative 
populations χ 1 and χ 2. Gibbs free energies for the equilibrium were obtained from 
the Boltzmann equation, using a degeneracy factor of 2 for conformer II to account 
for the fact that its phenylpyrrole moieties have become chemically nonequivalent. 
Gibbs free energies of activation for the forward and reverse reactions were 
calculated with the Eyring equation. 
Excellent linear temperature dependence was observed; interpolation to 258 K 
of the Gibbs free energies yielded ΔG 258 K = 1.66(6) kcal mol−1 and ΔG ‡258 K = 
15.5(5) kcal mol−1. 
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Chapter 3 
Electronic Structure and Stability of 
Pentaorganosilicates 
Erik P. A. Couzijn, Andreas W. Ehlers, Marius Schakel, and 
Koop Lammertsma 
 
The exceptional stability of recently reported pentaorganosilicates is 
investigated by bond energy analyses. Experimental coupling constants are 
used to probe their electronic structure, entailing bonds with mixed ionic–
covalent character. Our analyses reconfirm that the axial bonds are more prone 
to heterolytic cleavage than are the equatorial bonds. Aryl substituents provide 
substantial electronic stabilization by charge delocalization, but cause steric 
crowding due to ortho-hydrogen repulsion. In contrast, silicates with two ax,eq 
biaryl groups are not congested. The remaining substituent is confined to an 
equatorial site, where it is insensitive to elimination. These concepts 
adequately explain the experimentally observed stability trends and are 
valuable for designing other stable pentaorganosilicates. 
Reproduced with permission from J. Am. Chem. Soc. 2006, 128, 13634–13639. 
Copyright 2006 American Chemical Society 
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3.1 Introduction 
The ability of silicon to expand its valence is central to the nucleophilic 
activation and substitution of organosilicon compounds.[1] Many stable 
well-characterized pentavalent species have been reported; most carry 
multiple electronegative heteroatoms such as fluorine, oxygen, and/or 
nitrogen.[2–5] Also, hexacoordinate silicates are known such as SiF62− and 
those with a SiO6, SiN2O4, or SiN2O3C core.[3,5e,g] Tacke et al. showed that 
incorporating the counterion gives stable zwitterionic silicates, including 
the first species with SiS2O2C and SiS4C skeletons,[5c,f] while others are even 
soluble in water.[5h] Fewer silicates are known with multiple carbon substi-
tuents due to their anticipated lower stability. The first stable hypervalent 
silicon hydride H2SiPh3− was characterized only recently.[6] For long, species 
with four or five carbon groups were considered to be reactive intermedi-
ates,[7] observable only in the gas phase (e.g., 1[8b]) or as dynamic species.[8] 
Illustrative is Me3Si(CN)2−Bu4N+, which rapidly loses a cyano group even in 
the solid state.[8c] Likewise, pentaorganosilicates 2 and 3 were observed 
only in solution at low temperature, with 3 showing reversible loss of MeLi 
above −55 °C.[9] Only a few years ago, an X-ray crystal structure was 
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5 a: Q+ = [Li(THF)4]+ 
b: Q+ = nBu4N+ 
c: Q+ = [Li(DME)3]+ 
6 a: Q+ = [Li(THF)4]+ 
b: Q+ = nBu4N+ 
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reported for 4, but this silicate decomposes above −10 °C.[10] Klumpp et 
al. [9b] showed spiro biphenyl-substituted 5a to be stable in solution up to 
+50 °C, and subsequently Lammertsma and West reported X-ray crystal 
structures of 5b (mp 177–182 °C) and 5c, respectively.[11,12] Recently, we 
showed that a variation of this spirosilicate 6a with two bidentate 
phenylpyrrole ligands undergoes dynamic Berry pseudorotations in 
solution. The crystals of its nBu4N+ salt 6b are highly stable (mp > 160 °C) 
and air-insensitive.[11b] These surprisingly stable silicates[9b] may have 
interesting applications, for example, as weakly coordinating counterions 
in ionic liquids.[13] Clearly, the exceptional stability of 5 and 6 and the 
special role of their biaryl ligands warrant closer scrutiny. 
Pentacoordinate silicon has been the subject of theoretical studies that 
focused mainly on the type of bonding and the reason for the stability of 
SiH5− as compared to that of CH5−.[14–17] Also axial versus equatorial 
substitution and intramolecular ligand interchange have been addressed.[18] 
However, reactivity studies have been limited to possible H2 elimination 
and the mechanism of nucleophilic halogen substitution at tetracoordinate 
silicon.[19] The influence of carbon substituents on the stability of silicates 
has not been investigated systematically.[20] The aim of this study is to 
address the electronic and steric factors that govern the thermodynamic 
stability of pentaorganosilicates with particular focus on the influence of 
the biaryl bidentates. For this purpose we use the ADF fragment bond 
analysis, which provides a detailed decomposition of bond energies into 
physically meaningful contributions.[21] 
3.2 Computational Details 
General. Hybrid density-functional theory calculations were carried out 
with Gaussian 03[22] at the B3LYP/6-31G(d) level.[23] The easy deformability 
of silicates required the use of an ultrafine integration grid and tight SCF 
and optimization convergence criteria. The nature of each stationary point 
was confirmed by a frequency calculation. Reported calculated spin–spin 
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coupling constants and bonding energy contributions are rounded to one 
decimal place. 
Spin–Spin Coupling Constants. Single-bond NMR spin–spin coupling 
constants 1J Si,C were calculated with the Gauge–Invariant Atomic Orbital 
(GIAO) method at the B3LYP level. To reduce computational cost, the 
6-311++G(3df,3pd) basis set was used for the coupling nuclei, 6-31G* for 
adjacent atoms and attached hydrogens, and 3-21G(*) for the remaining 
atoms. 
Bonding Energy Analysis. Silicate Si–A bonds were analyzed in terms of 
fragment orbitals with the ADF 2004.01 package at the BP86 level using an 
all-electron TZP basis set and an integration accuracy of 6.0.[24] According 
to the extended transition-state model,[21] the net bond energy ΔE Net can 
be decomposed into four contributions (Figure 1): the preparation energy 
ΔE prep required for deformation of the 
fragments from their equilibrium 
structure to their geometry in the 
silicate; the steric interactions 
between the fragments due to Pauli 
repulsion (ΔE Pauli) and electrostatic 
attraction (ΔV elstat); and the orbital 
interaction energy ΔE oi (negative, 
stabilizing): 
ΔE Net = E Silicate − (E Silane + E Anion) (1) 
= ΔE prep + (ΔE Pauli + ΔV elstat + ΔE oi) 
The latter three contributions are usually summed to give the interaction 
energy ΔE int. 
3.3 Results and Discussion 
We first discuss the general electronic structure of silicates to obtain a 
framework for the interpretation of the bond strength decomposition. 
Experimental results have indicated that the reactivity of pentaorganosili-
Si
R
+
A
Si
R
+
A
Si
R
A
Si
R
A
ΔEoi
ΔEPauli
+
ΔVelstatΔEprep
ΔENet  
Figure 1. Bond energy decomposition. 
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cates is governed by their ability to cleave an axial bond heterolytically.[7,9b] 
Therefore, we analyze the axial Si–H bond strength in monoorganosilicates 
SiH4R− (R = Me, Ph, C≡CH, CF3) to address the electronic influence of 
organic substituents. We also treat the effect of the orientation of the aryl 
group in terms of repulsion between the axial bonds and the aromatic π 
system. This indirect strategy allows for a comparison of the effect of 
multiple (two) aryl substitution against that of the biphenyl moiety. A direct 
Si–C bond analysis would be complicated by the difference in stabilities of 
the R− carbanion fragments and would not be extendible to bidentate 
substituents, as it would not result in the proper division of the silicate into 
silane and carbanion fragments. Subsequently, steric and conformational 
effects in pentaorganosilicates are addressed. Finally, we apply these 
concepts to explain the remarkable thermodynamic stability of 5 and 6. 
3.3.1 Electronic Structure 
A still popular model for pentavalent compounds was first proposed by 
Pimentel and by Rundle.[25] It comprises three Si-sp2 hybrid orbitals for the 
equatorial bonds, which would thus be short, with the remaining Si-pz 
orbital participating in an ionic 3 center-4 electron (3c–4e) interaction, 
giving much longer bonds with the axial substituents. However, this picture 
conflicts with the observed rather similar axial and equatorial Si–C bond 
lengths in the crystal structures of 5b,c and 6b.[11,12] 
The electronic structure of pentaorganosilicates can be probed 
experimentally by analysis of the NMR Si–C single-bond spin–spin coupling 
constants 1J Si,C, which originate from the Fermi Contact (FC), spin–dipole 
(SD), paramagnetic spin–orbit (PSO), and diamagnetic spin–orbit (DSO) 
interaction mechanisms.[26] Of these, the FC coupling relates to spin 
polarization of the valence electrons and is proportional to the s 
contributions of the nuclei to their mutual bond.[26b,27] Table 1 shows 
excellent agreement of the experimental 1J Si,C for 5 and 6[9b,11b] with the 
calculated values that are by far dominated by the FC coupling. It is 
Chapter 3 
42 
apparent from the experimental 1J Si,C values that the axial bonds contain 
considerable Si–C s interaction, in fact, to the amount of 35–50% of that of 
the equatorial bonds, which is in sharp contrast to the 3c–4e model. The 
equatorial Si–Me coupling is about 75% of the Si–Ceq coupling, reflecting the 
different carbon hybridization (sp3 versus sp2). 
To analyze the orbital interactions, we apply a symmetry-adapted MO 
model for the silicates as proposed by Muetterties and by Mislow for PH5 
(Figure 2).[14] The HOMO is essentially located on all five substituents, 
thereby contributing to the ionic character of the bonds. The remaining 
four bonding MOs describe the covalent part of the five bonds. The axial 
bonds are less covalent than the equatorial ones, as illustrated by the 
relative contributions of the orbital coefficients in the 3a'1 MO; the 1:2 ratio 
is consistent with the noted 1J Si,C for 5 and 6. This MO model, giving similar 
axial and equatorial bonds, is compatible with one-center expansion 
techniques[28a] and population analyses based on AIM.[28b,c] Also, valence-
bond calculations on the stability of SiH5− indicated that the s interaction in 
the axial bonds is essential and more important than 3c–4e bonding.[28d] 
Table 1. Experimental and calculated 1J Si,C (Hz) 
of pentaorganosilicates 5 and 6. 
 C exp,1 CSiJ   calc1J  = FC + SD + PSO +DSO
5 ax 33.4 28.8 28.8 0.9 -1.0 0.2
 eq 70.1 67.6 67.5 1.2 -1.3 0.2
 Me 57.4 53.3 52.7 1.4 -0.9 0.1
6 ax 30 24.4 24.2 0.9 -0.8 0.2
 eq 86 86.3 86.8 0.9 -1.6 0.2
 Me 64 60.4 59.8 1.3 -0.9 0.1
 
Figure 2. SiH5− valence MO diagram. 
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A similar picture emerges from the energy 
decomposition of the interaction between the 
hydride anion and the SiH4 fragment in the 
geometry of the silicate. Table 2 lists the 
components for the axial (ax) and equatorial (eq) 
bonds of SiH5−. In line with experiment, the axial 
bond is predicted to be more prone to hetero-
lytic cleavage, as apparent from its much smaller 
interaction energy ΔE int of 48.4 (ax) versus 80.8 kcal mol−1 (eq). The 
principal difference lies in the 35.0 kcal mol−1 stronger orbital interaction 
for the equatorial bond, which is due to the much lower LUMO of the pro-
equatorial SiH4 fragment (−3.923 eV) as compared to that of the pro-axial 
SiH4 fragment (−2.034 eV). The larger electrostatic attraction results from 
the slightly shorter bond length (1.543 Å (eq) vs 1.618 Å (ax)), and is 
countered by a similar increase in Pauli repulsion. The ratios between ΔE oi 
and ΔV elstat of 1.04 (eq) and 0.90 (ax) reflect the slightly more covalent 
nature of the equatorial bonds. 
3.3.2 Electronic Substituent Effect 
Apicophilicity. We turn to the effect of introducing different (7-R, 8-R; R = 
Me, Ph, C≡CH, CF3) and multiple (9–12) carbon substituents (Chart 1). Of 
the investigated monosubstituted silicates, the Si–C bond is slightly longer 
for an axial substituent (7-R) than for an equatorial one (8-R). In all cases, 
those with an axial group are the more stable ones. The preference of axial 
over equatorial substitution (apicophilicity) increases with the electron-
withdrawing nature of the substituent, from 0.4 kcal mol−1 for R = Me to a 
substantial 9.3 kcal mol−1 for R = CF3. Unexpectedly, in the case of a 
phenyl group the energy difference between the two minima (i.e., 7-Ph⊥ 
and 8-Ph⊥) is merely 0.6 kcal mol−1. 
The apicophilicity is reflected in the Si–H bond energies (ΔE Net, Table 3) 
for 7-R and 8-R, which have the same silane SiH3R as reference. The Si–H 
Table 2. Bond analyses for 
SiH5− (kcal mol−1). 
 ax eq 
ΔE Pauli 193.9 213.3 
ΔV elstat −127.6 −144.5 
ΔE oi −114.7 −149.7 
ΔE int −48.4 −80.8 
ΔE prep 21.9 54.3 
ΔE Net −26.5 −26.5 
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bond energy decompositions of the monosubstituted silicates are given in 
Table 3. The strength of the axial Si–H bond is affected considerably by 
substitution, especially in the (opposite) axial position. Highly electron-
withdrawing groups provide the strongest stabilization, up to 28.9 kcal 
mol−1 (R = CF3) relative to 7-H. This is mainly an electrostatic effect, as is 
apparent from the linear correlation of ΔVelstat with the net axial Si–H bond 
energy (Figure 3, r 2 = 0.984 (7) and 0.937 (8)). The influence of the orbital 
interaction and Pauli repulsion terms is much stronger for the equatorial 
substituents (8-R) than for the axial ones. 
We next focus on the electronic influence of the experimentally more 
interesting phenyl group followed by that of a biphenyl group. 
Table 3. Axial Si–H bond analyses for monosubstituted silicates (kcal mol−1). 
 7-R (axial) 8-R (equatorial) 
R Me Ph|| Ph⊥ C≡CH CF3 Me Ph|| Ph⊥ C≡CH CF3 
ΔE Pauli 197.1 199.4 199.6 189.7 197.1 190.7 199.4 208.3 207.5 217.9 
ΔV elstat −126.4 −132.7 −132.9 −136.7 −146.2 −132.0 −135.0 −144.0 −140.4 −159.0 
ΔE oi −121.8 −130.7 −131.1 −120.7 −127.9 −109.2 −118.9 −125.2 −127.3 −131.4 
ΔE int −51.1 −64.0 −64.4 −67.7 −76.9 −50.5 −54.5 −60.8 −60.3 −72.5 
ΔE prep 25.0 27.7 28.0 28.6 21.5 24.9 23.8 25.0 26.7 26.4 
ΔE Net −26.0 −36.3 −36.4 −39.0 −55.4 −25.6 −30.7 −35.8 −33.6 −46.1 
CF3
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Figure 3. Electrostatic contribution plotted against net axial Si–H bond energy in 
monosubstituted silicates, using data from Table 3. Least-squares linear 
fits were enforced to cross at SiH5− (R = H, values from Table 2).[29] 
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Chart 1. Optimized silicate structures with selected bond lengths (Å), BP86/TZP relative 
energy (kcal mol−1), point group, and number of imaginary frequencies in 
parentheses. For R = Ph, superscript || (⊥) denotes an eclipsed (staggered, 7-Ph) or 
a parallel (perpendicular, 8-Ph) orientation of the ring relative to the equatorial 
bonds. 
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Phenyl Orientation. The phenyl group can be oriented either parallel (Ph||) or 
perpendicular (Ph⊥) to the equatorial Si–H bonds, which may obscure the 
true substituent effect. We use the same identifiers Ph|| and Ph⊥ for the 
eclipsed and staggered conformers of 7-Ph, respectively. An axial phenyl 
substituent strengthens the opposite (axial) Si–H bond by 9.9 kcal mol−1 
versus 28.9 kcal mol−1 for CF3. While the bond energy is hardly affected by 
the orientation of the axial phenyl group (7-Ph|| versus 7-Ph⊥), there is a 
5.2 kcal mol−1 difference (rotation barrier) for the equatorial phenyl group 
that favors the perpendicular conformer 8-Ph⊥. This difference is largely 
caused by the balance of the repulsive interactions between the phenyl π 
system and the occupied 2a"2 (Si-pz) and 2e' (Si-px) orbitals of the silicate 
(Figure 4).[14a] The effect can be quantified for the Si–Ph bond in terms of 
overlap (S ) of its fragment orbitals using MO-LCFO theory. The 
destabilizing interaction E Destab between the occupied p-type silane and 
phenyl fragment orbitals amounts to: 
E Destab = 2 (Wπ + Wπ*) − 2 (H Si + H Ph) (2) 
where H Si and H Ph are the energy levels of the p-symmetric fragment 
orbitals φ Si and φ Ph, and Wπ and Wπ* are the energy levels of the bonding 
and the antibonding combination thereof, which are both doubly occupied. 
However, because the phenyl fragment is negatively charged, electrostatic 
forces are generated that readjust upon bond formation. As a result, the 
calculated fragment and silicate orbital levels shift relative to each other 
and can no longer be compared. However, assuming that contributions 
from the other orbitals are negligible, values for H Si and H Ph can be derived 
relative to Wπ and Wπ* using the secular equation: 
( ) ( )
( ) ( )⎪⎩
⎪⎨
⎧
=−+−
=−+−
0
0
m
m
m
m
m
m
m
m
WHcSWVc
SWVcWHc
PhPhSi
PhSiSi  and ( )SVHH
S
WW 2
1
1
2π*π
−+
−
=+ PhSi  (3) 
where the coefficients c mSi and c mPh of the fragment orbitals and the overlap 
integral S follow from the bond analysis. Substitution of W m by either Wπ or 
Wπ* and applying the associated coefficients c Si and c Ph yields a set of three 
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linear equations from which the unknown H Si, H Ph and V can be solved. If 
the actual MOs are pure combinations of φ Si and φ Ph, the results are 
identical irrespective of the choice of W and associated c Si, c Ph. Otherwise, 
the variation in the results is an indication for the validity of this two-
orbital approximation. Table 4 lists full results for the relevant silicates, 
showing only small variations. Moreover, the deviations in H Si and H Ph 
counteract each other, leading to accurate values for E Destab. 
The amount of π repulsion is governed by the degree of overlap as 
illustrated in Figure 5, where S 2 is plotted as a function of the Si–Ph bond 
rotation (θ ) of 8-Ph. The aromatic π system in the more stable 8-Ph⊥ (θ = 
Table 4. MO-LCFO derived π repulsion in phenyl substituted silicates. 
  W (eV) c Si c Ph 
S 
(×10−2)
H Si 
(eV) 
H Ph 
(eV) 
V 
(eV) 
E Destab 
(kcal mol−1) 
8-Ph|| π −3.183 0.7432 0.5385 −2.764 −2.385 −0.954 7.2 
 π* −1.811 0.6545 −0.8408
11.81 
−2.762 −2.387 −0.954 7.2 
8-Ph⊥ π −3.099 0.8680 0.4080 −2.950 −2.426 −0.544 2.4 
 π* −2.226 −0.4866 0.8959
7.34 
−2.940 −2.437 −0.551 2.4 
7-Ph⊥ π −3.320 0.8867 0.3318 −3.154 −2.135 −0.769 4.7 
 π* −1.868 −0.4432 0.9407
9.82 
−3.141 −2.151 −0.783 4.8 
 
Figure 4. π Repulsion MO 
diagram for 8-Ph||. 
 
 
0.0
0.5
1.0
1.5
0 30 60 90
θ (°) →
S2
 ×
10
–2
 →
2a2 ax
2ex eq
Total
"
'
8-Ph|| 8-Ph⊥
 
Figure 5. Squared overlaps between phenyl-π and axial 
(ax) and equatorial (eq) Si–H bond orbitals for 
8-Ph Si–C bond rotation. θ is the angle between 
the phenyl ring plane and the equatorial plane. 
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90°) overlaps less with the 2e' (Si-px) silane orbital, which is directed away 
to the opposite Heq atoms, than it does in the less stable 8-Ph|| (θ = 0°) 
with the axially oriented 2a"2 orbital. In the axially substituted 7-Ph, the 
repulsion between the 2e' orbitals and the aromatic ring is independent of 
its orientation and is of a magnitude that is intermediate between that of 
8-Ph⊥ and 8-Ph||. The surprising net effect is that the phenyl group is 
apico-indifferent despite its electron-withdrawing nature. 
Biphenyl Bidentate Substituent. In this section we analyze the electronic 
influence of disubstitution for the silicates 9 and 10, which have phenyl 
groups in respectively eq⊥,eq⊥ and ax⊥,eq⊥ (all Ph⊥) positions, and 11 and 
12, which have correspondingly eq||,eq|| and ax||,eq⊥ biphenyl groups. The 
relative energies, favoring 9 and 12, illustrate a reversal of apicophilicity 
for the diphenyl derivative and instead a greatly enhanced preference for 
axial substitution for the biphenyl derivative. In fact, 11 is the transition 
structure for ax,eq interchange of its biphenyl group with a substantial 
barrier of 12.2 kcal mol−1. 
The additional substituent strengthens the axial Si–H bond in both types 
of silicates (Table 5). For example, the interaction energy ΔE int increases 
from −48.4 (7-H, SiH5−) to −60.8 (8-Ph⊥) to −71.6 (9) kcal mol−1 on 
successive phenyl substitution, which amounts to about 12 kcal mol−1 per 
phenyl group. Again, the main contribution comes from the electrostatic 
interaction. The interaction energies of 9, 10 and 12 are similar, while that 
of 11 is 10 kcal mol−1 smaller because of the two destabilizing π interac-
Table 5. Axial Si–H bond analyses of di- and trisubstituted silicates (kcal mol−1). 
 9 10 11 12 13 14 
ΔE Pauli 219.5 216.3 204.4 206.1 228.5 228.6 
ΔV elstat −159.8 −148.3 −143.4 −144.4 −173.8 −162.5 
ΔE oi −131.2 −137.2 −122.1 −133.0 −133.0 −139.9 
ΔE int −71.6 −69.1 −61.0 −71.3 −78.4 −73.8 
ΔE prep 28.4 29.9 27.0 25.0 29.1 33.0 
ΔE Net −43.2 −39.3 −34.1 −46.3 −49.3 −40.8 
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tions with the axial bonds. Thus, the electronic stabilization and therefore 
the electron-withdrawing ability of the biphenyl groups in 11 and 12 are 
very similar to those of two separate Ph substituents. In these structures, 
the C–Si–C angle strain (i.e., 90.2° in 11 versus 120° in SiH5−) appears to be 
minor as the deformation energies ΔEprep for 11 (27.0 kcal mol−1) and the 
ax,eq-biphenyl substituted 12 (25.0 kcal mol−1) are similar. On the other 
hand, the deformation energy is larger for silicate 10 (29.9 kcal mol−1) due 
to steric repulsion between Phax and the ortho-H atom of Pheq. 
3.3.3 Steric and Conformational Effects 
We first investigate the steric effects in silicates 13 and 14, which carry 
three phenyl groups in respectively eq⊥,eq⊥,eq⊥ and ax||,eq⊥,eq⊥ positions. 
The experimentally known conformer 13[6] is preferred over 14 by a 
considerable 8.5 kcal mol−1. Both equatorial Ph substituents in 14 make an 
angle θ = 63° with the equatorial plane to diminish ortho-hydrogen 
repulsion with the axial Ph. 
The effect of this bond rotation becomes apparent from the axial Si–H 
bond analyses of 13 and 14 (Table 5). The extra phenyl group in 13 further 
enhances the interaction energy, and as a result the axial Si–H bond is 49.3 
kcal mol−1 strong. Conversely, in 14 the deviation of both Pheq by 27° from 
the preferred Ph⊥ orientation causes an increase in π repulsion, as 
expressed in the reduced electrostatic attraction, and this counters the 
extra stabilization of the third Ph. Also, the steric crowding is larger, as is 
apparent from the deformation energy ΔEprep of 33.0 kcal mol−1 versus 
29.1 kcal mol−1 for 13. As a result, the total axial Si–H bond energy is even 
smaller than that of diphenylsilicate 9 (40.8 vs 43.2 kcal mol−1, 
respectively). 
Next, we focus on fully substituted silicates that carry four phenyl (15) 
or two biphenyl substituents (5) and an additional axial (A) or equatorial (E) 
methyl group to reflect the experimentally known system 5 (Chart 2). 
Particularly for the tetraphenyl derivative, the higher substitution pattern 
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enhances the steric crowding that was already evident for the di- and 
trisubstituted silicates. Now conformer 15E with phenyl groups in both 
axial sites is slightly favored over 15A (ΔE = 1.4; ΔE ‡ = 2.0 kcal mol−1). 
With two biphenyl groups the apicophilicity remains enhanced, as for 12, 
with a 9.5 kcal mol−1 preference for 5E. Each of its bidentate ligands 
occupies an axial-equatorial position, and as a result the methyl group 
resides in the remaining equatorial position. Actually, like 11, 5A with an 
axial methyl group is the transition structure for a Berry pseudorotation 
that interconverts the silicate’s ligands.[30,31] 
We analyze the four structures with respect to the strength of the Si–Me 
bond (ax and eq) and its energy decomposition (Table 6). The equatorial Si–
Me bonds have much larger interaction energies ΔE int, reflecting stronger 
bonding, than the axial ones. Whereas the preparation energy may suggest 
Chart 2. Pentaorganosilicate structures with equatorial aryl bond rotation angles θ, 
Si–Me bond length (Å), BP86/TZP relative energy (kcal mol−1), point group, 
and number of imaginary frequencies in parentheses. 
Si
Me
0°
44°
44°
2.030
 
Si Me44°
16°
1.938
 
Si
Me
90°
2°
2°
2.016
 
Si
Me
85°
84°
1.953
 
15A 
+1.4 
C s (0) 
15E 
0.0 
C 1 (0) 
5A 
+9.5 
C s (1) 
5E 
0.0 
C 1 (0) 
Table 6. Si–Me bond analyses of pentaorganosilicates (kcal mol−1). 
 15A 15E 5A 5E 
ΔE Pauli 241.9 283.2 242.1 266.3 
ΔV elstat −188.8 −225.6 −193.3 −213.7 
ΔE oi −135.3 −176.3 −135.4 −163.7 
ΔE int −82.2 −118.8 −86.5 −111.1 
ΔE prep 38.4 73.6 34.1 49.1 
ΔE Net −43.7 −45.2 −52.4 −62.0 
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only slightly more steric congestion for 15A than for 5A, the axial Si–Me 
bond of 15A is weaker by as much as 8.7 kcal mol−1. In fact, all three 
equatorial phenyl substituents are distorted from their preferred Ph⊥ orien-
tation with one even rotated by 90° (Ph||) to diminish the steric repulsion of 
their ortho-hydrogens with the axial substituents. The increased π 
repulsion weakens the axial bonds, as expressed in the reduced Si–Me 
electrostatic attraction, and as a result the Si–Me bond of only 43.7 kcal 
mol−1 doesn’t benefit from the higher substitution pattern of the silicate. 
For 15E, the π repulsion is already present in the equatorially deformed 
silane fragment, resulting in a much larger ΔE prep of 73.6 versus 54.3 kcal 
mol−1 for SiH5− (Table 2). In contrast, the Si–Me bond energy decomposition 
of 5E with its two bidentate ligands reflects no steric strain at all. For an 
equatorial bond, the ΔE prep of 49.1 kcal mol−1 is rather low. The orbital 
interaction of −163.7 kcal mol−1 is somewhat smaller than that in 15E 
(−176.3 kcal mol−1) due to a reduction in overlap. Yet the Si–Me bond for 
5E is as much as 62.0 kcal mol−1 strong as a result of the accumulated 
substituent effects. 
3.4 Comparison with Experimental Data 
The theoretical analyses provide important insights into the observed 
pentaorganosilicates 2–6. These are best described as having polarized 
covalent bonds, which is in accord with the NMR spectroscopic large J Si,C 
coupling constants for 5 and 6. The equatorial bonds have much stronger 
orbital interactions than the axial bonds, which are prone to heterolytic 
cleavage. The analyses show that the electron-withdrawing phenyl group 
stabilizes the axial bonds considerably. At the same time, the phenyl group 
is apico-indifferent due to a balance in repulsions between the phenyl π 
system and the silicate bonding orbitals. The bonding interaction increases 
with increasing number of phenyl substituents. However, even for 
triphenylsilicate 13 the axial Si–H bonds remain sensitive, as revealed in the 
reported X-ray structure, due to its close contact with the cation.[6a] 
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Introduction of more phenyl groups is ineffective because of steric 
crowding between the axial phenyl groups and the ortho-hydrogen atoms 
of the equatorial phenyl groups. Therefore, silicates such as 2 are also of 
limited stability. The stability can be increased by reducing the size of the 
substituent and by enhancing its electron-withdrawing ability (and thus 
apicophilicity) as with trifluoromethyl groups in the reported silicate 4. 
A bidentate biaryl substituent provides electronic stabilization similar to 
that of two individual aryl groups. Thus, silicates like 3 with a single ax,eq-
biaryl moiety still have an axial group that is susceptible to dissociation, in 
line with experimental reports.[7a,b,d,9] A second biaryl group can be 
incorporated without causing congestion, as in 5 and 6. Moreover, the 
conformer carrying one of the bidentates in a bisequatorial arrangement 
(5A) is disfavored by π repulsion and becomes the transition state for 
intramolecular ligand exchange. The methyl group of 5 is thus restricted to 
occupy an equatorial site, where it is much more strongly bound (ΔE int = 
−111; ΔE Net = 62 kcal mol−1) than in an axial position. This is consistent 
with the experimentally determined structures and pseudorotational 
barriers of the exceptionally stable, high-melting silicates 5 and 6.[11b,31] 
In conclusion, the presence of two sterically non-invasive bidentate 
biaryl moieties gives unique electronic stabilization to silicates that are 
conformationally restricted to prevent dissociation. Exploring this concept 
further may lead to novel highly stable pentaorganosilicates that may find 
applicability as weakly coordinating anions in ionic liquids and cationic 
catalyst systems. 
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Chapter 4 
Berry Pseudorotation in Spirocyclic 
Pentaorganosilicates 
Erik P. A. Couzijn, Andreas W. Ehlers, J. Chris Slootweg, Marius Schakel, and 
Koop Lammertsma 
 
The intramolecular substituent interchange in recently reported pentaorgano-
silicates is investigated by B3LYP calculations, which shows excellent 
agreement with the experimental thermochemical data. Two types of Berry 
pseudorotation are discerned that both lead to racemization of the helical, 
spirocyclic anions. IRC calculations show that pathway A bifurcates into two 
enantiomeric reaction paths that are inhibited by ortho-substitution of the 
bidentate ligands. Pathway B contains a trigonal bipyramidal transition with one 
bisequatorial bidentate ligand, which is disfavored by increasing the π-electron 
density of the ligand. A more electronegative fifth, monodentate substituent 
increases the barrier for pathway A and lowers that of pathway B, as in 
bis(biphenyl-2,2'-diyl)fluorosilicate, which is the first tetraorganosilicate to be 
isolated and fully characterized. The concepts developed in this study are 
valuable for designing configurationally stable, Si-chiral pentaorganosilicates. 
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4.1 Introduction 
Pentacoordinate silicon species have received much attention,[1] including 
the stereoselective transformations that they are able to undergo.[2] The 
recent synthesis of the highly stable all-carbon-substituted silicates 1 and 
2 is illustrative of the opportunities in hypervalent silicon chemistry.[3–6] The 
crystal structures of 1b, 1c, and 2b show these anions to be weakly coordi-
nating.[4,5,6] These spirocyclic systems have a propeller-like shape and exist 
as left-handed (Λ) and right-handed (Δ) helices. However, in solution, pen-
tacoordinate silicon species generally undergo facile intramolecular substi-
tuent exchange via the so-called Berry pseudorotation (BPR).[7] NMR studies 
on 1 and 2 revealed BPR barriers of 13 and 15.5 kcal mol−1, respectively, 
which inhibits resolution of the racemic mixtures at room temperature.[3,6] 
Many multiply heterosubstituted spirocyclic silicates have been charac-
terized, most of which are based on the Martin ligand (–C6H4C(CF3)2O–; e.g. 
3 with a BPR barrier of 29 kcal mol−1) or with the 1,2-benzenediolato 
moiety.[8] Recently, Tacke et al.[9] reported zwitterionic silicates derived 
from, e.g., α-hydroxycarboxylic acids and α-amino acids with BPR barriers 
of up to 21 kcal mol−1 for 4. However, 4 and related silicates form 
hydrogen-bonded dimers or chains in the solid state,[9] demonstrating that 
the heteroatoms in such silicates are prone to coordination. For the 
analogous Martin-type phosphoranes, i.e. the neutral pentacoordinate 
phosphorus species, the group of Akiba has lately achieved the optical 
resolution and derivatization of configurationally stable enantiomers.[10] 
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We envisage that configurationally stable silicates will be applicable in, 
e.g., chiral ionic liquids.[11] It is therefore desirable to design structurally 
rigid, stable pentaorganosilicates based on the biaryl moiety, as in 1 and 2. 
We previously reported on the factors that determine the stability of these 
species.[12] Here, we present a computational survey of the dynamic 
behavior of 1 and 2 at the B3LYP/6-31G(d) level of theory and discuss both 
the factors that influence their barrier heights for interconversion and the 
influence of the fifth monodentate ligand (Me, F). Preceding mechanistic ab 
initio studies on the pseudorotation of silicates have been limited to small 
systems.[13] Only recently, calculations were reported for model species of 
some larger heterosubstituted systems, but without detailed reaction path 
analyses.[9a–c,e,g] 
4.2 Results and Discussion 
We first discuss the general structure of spirocyclic 
bis(biaryl)silicates and the two feasible types of Berry 
pseudorotation. These two pathways are examined in 
detail for 1, which is the simplest pentaorganosilicate 
that is stable in the condensed phase. We then report 
on the synthesis and full characterization of the novel 
silicate 5, carrying F instead of Me as the fifth, 
monodentate substituent, which is stable in solution even at +87 °C. To the 
best of our knowledge, 5 is the first tetraorganofluorosilicate to be isolated 
and fully characterized by NMR. Hitherto only a few species with an SiC4F 
core have been observed as reactive intermediates either in the gas phase 
or in solution.[14,15] Subsequently, we analyze the more complex 
configurational isomerism of 2, which bears the smaller but more π 
electron-rich phenylpyrrole bidentate ligands. This allows us to determine 
the effects of the monodentate and bidentate substituents on the 
pseudorotation barriers. We also compare the gas-phase calculations to 
the solution-state experimental data, since good agreement is expected 
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because of the weakly coordinating nature of the silicate anions.[16] Finally, 
we summarize the results to extract general concepts to control the 
stereodynamics of pentaorganosilicates. 
4.2.1 Structure and Pseudorotation of Bis(biaryl)silicates 
Pentacoordinate silicon species can adopt two geometries, namely a 
trigonal bipyramid (TBP) with two axial (ax) and three equatorial (eq) 
substituents or a rectangular pyramid (RP) with one apical (ap) and four 
basal (bas) substituents. Due to the electropositive nature of silicon, its 
bonds are polar covalent with the negative charge distributed over the 
substituents.[12] The ionic character of the bonds increases in the order ap 
< eq < bas < ax[17,12] and this difference in chemical nature of the bonding 
sites is important when we consider the arrangement of substituents and 
substituent effects. 
Silicates with two biaryl moieties adopt a TBP geometry with an 
equatorial monodentate substituent and each biaryl ligand bridging one 
axial and one equatorial site (ax,eq) (Figure 1, leftmost structures), as is 
supported by the crystallographic data for 1b,c and 2b. The alternative TBP 
geometry, with the monodentate substituent occupying an axial position 
and one biaryl group in a bisequatorial arrangement, is calculated to be 
over 10 kcal mol–1 higher in energy than that with both biaryl groups 
ax,eq-substituted. Previously, we have shown that this increase in energy is 
caused by the repulsive overlap between the π aromatic system of the 
eq,eq biaryl group and the Si–C axial bonds.[12] 
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Figure 1. Berry pseudorotation mechanisms for bis(biaryl)silicates. 
Berry Pseudorotation in Spirocyclic Pentaorganosilicates 
61 
In the Berry pseudorotation mechanism, the two axial groups of a TBP 
structure bend toward each other, while two of the equatorial groups bend 
away; the remaining equatorial group is called the pivot.[7] This motion 
results in the interchange of both axial sites with two equatorial ones. For 
bis(biaryl)silicates two pseudorotational modes can be discerned that both 
lead to inversion of their helicity (Figure 1). In mechanism A, the 
monodentate substituent (3) acts as the pivot, while both biaryl groups 
interchange their axial (1, 5) and equatorial (4, 2) bonding sites. This route 
proceeds through a rectangular pyramidal (RP) transition state (TS) with the 
biaryl groups in bis-basal positions and the monodentate substituent in 
the apical position. Mechanism B consists of two consecutive BPR motions. 
First, one equatorial Si–biaryl bond (4) acts as the pivot, causing the axial 
atom (1) of this biaryl group to interchange with the equatorial 
monodentate substituent (3), which is accompanied by the concurrent 
 
Figure 2. Potential energy surface for pseudorotation of Λ-1 to Δ-1 via mechanism A with 
projected enantiomeric IRC pathways (pink), pure Berry and convex/concave 
pathways (black), and H•••H contacts (Å). 
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interchange of the axial (5) and equatorial (2) sites of the other biaryl 
group. In the resulting TBP transition state geometry, one of the biaryl 
ligands has a bisequatorial arrangement (1, 4). In the subsequent BPR 
motion, substituent (1) acts as the pivot so that the monodentate 
substituent (3) returns to its equatorial position, leading to the 
enantiomeric TBP minimum with two ax,eq biaryl groups. 
There is another mechanism that is frequently used to describe the 
same interconversions, the so-called turnstile rotation (TR).[18] In the TR 
mechanism, the five ligands are divided into one pair and one trio, which 
rotate 36° and 24° respectively in opposite directions around a common 
axis that runs through the central pentacoordinated atom.[18a] However, 
using the proper frame of reference, the substituents describe the same 
motion as for the Berry pseudorotation. Moreover, the definition of the TR 
mechanism removes two degrees of freedom, and therefore the turnstile 
rotation is not a general model for ligand exchange but rather a special 
realization of the BPR mechanism.[18b] 
Next, we discuss in detail the geometric and energetic aspects for each 
route for pentaorganosilicate 1, which will serve as reference for the 
silicates 2 and 5. 
4.2.2 Racemization of 1 via Mechanism A 
For this process one would expect a C s symmetric TS in which the 
interchanging biphenyl groups are symmetry-equivalent, i.e. [1RP] (Figure 
2). However, in this geometry there is considerable steric repulsion 
between the four hydrogen atoms of the biphenyl ligands ortho to silicon 
as the two H•••H contacts are only 1.837 and 1.840 Å (compared to a van 
der Waals contact distance of 2.40 Å). Also each biphenyl ligand is rather 
bent and concave when viewed from the apical Me group, with a 21.9° 
angle between the planes of the phenyl subunits. As a result, [1RP] is 
+18.7 kcal mol−1 higher in energy than 1 and constitutes a second order 
saddle point, associated with the desired BPR motion (84 cm−1) and with a 
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bending of either one of the biphenyl ligands to become convex (35 cm−1). 
Instead, pathway A bifurcates into two enantiomeric reaction paths[19] 
that differ only as to which of the biphenyl groups becomes concave and 
which one becomes convex. Figure 2 shows the associated potential energy 
surface. During the first part of the process, the energy rises steeply as two 
ortho-H atoms have to pass each other with a minimum H•••H distance of 
1.682 Å ([1H]). Then, the energy profile flattens out quickly as the biphenyl 
groups slide one underneath the other, reaching the transition state [1A]‡ 
at +16.2 kcal mol−1. This RP-like geometry is still quite strained, featuring 
two H•••H contacts of 2.025 Å, while the two biphenyl moieties are 27.7° 
concave and 17.7° convex. 
4.2.3 Racemization of 1 via Mechanism B 
Figure 3 shows the corresponding reaction profile for BPR of Λ-1 to Δ-1 
where TS [1B]‡ has a TBP geometry with the methyl in an axial position. 
This transition structure is +11.2 kcal mol−1 higher in energy than 1. Along 
the reaction coordinate, we identified the non-stationary RP geometry [1S] 
that has the methyl group in a basal position, and that has a skewed 
pyramidal arrangement with the apex located 78° above the center of the 
basis. In this structure, π repulsion is already present between the apical-
basal biphenyl group and the adjacent basal Si–Me and Si–CAr bonds. 
The reaction barrier for mechanism B is a significant 5 kcal mol−1 lower 
in energy than that for mechanism A because of the much less severe steric 
interactions. The only interatomic interaction in [1B]‡ is that between the 
methyl group and the nearby ortho-H atom of the ax,eq biphenyl group, 
which has a C•••H distance of 2.503 Å (cf. 2.90 Å van der Waals sum). 
4.2.4 Comparison with Experiment for 1 
To evaluate the computational method, we compare the calculated 
thermochemical data for BPR of 1 with the experimental values (Table 1). 
The entropy of activation is small and negative for both mechanisms, as 
one vibrational mode is lost in the TS’s. The calculated ΔG ‡247 K of +12.1 
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kcal mol−1 for racemization via mechanism B is in excellent agreement with 
the experimental value of +13 kcal mol−1,[3b] while that for mechanism A is 
significantly higher at +17.0 kcal mol−1. At lower temperatures, ligand 
interchange in 1 thus takes place preferentially via route B, while route A 
comes into play at higher temperatures. 
4.2.5 Bis(biphenyl)fluorosilicate 5 
We synthesized fluorosilicate 5 to study the influence of the monodentate 
substituent (Me (1) vs F (5)). Treatment of bis(biphenyl-1,1'-diyl)silane (6) 
with two equiv. of anhydrous CsF or meticulously dried TMAF[20] in DMF 
resulted in near-quantitative formation of silicates 5a and 5b, respectively 
(Scheme 1). Both compounds were fully characterized in solution by NMR 
 
Figure 3. Pathway B for pseudorotation of 1 via an RP geometry with basal methyl group. 
Table 1. Calculated and experimental thermodynamic parameters (kcal mol−1) for 
Berry pseudorotation of 1. 
  At 298.15 K At 247 K 
 ΔE ΔH ΔS c ΔG ΔH ΔS c ΔG 
[1A]‡ a 16.2 15.9 −4.7 17.3 16.0 −4.3 17.0 
[1B]‡ a 11.2 10.4 −7.0 12.4 10.4 −6.7 12.1 
Exp. barrierb     12 −4.9 13 
a Scaled by 0.9804. b Derived from ref. 3b. c In cal mol−1 K−1. 
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spectroscopy, and show similar spectra. The 29Si resonance of 5a is shifted 
strongly upfield from −6.4 (6) to −90.6 ppm, which is characteristic of 
pentacoordination, but is 14.9 ppm less shielded than in 1 (δ Si = −105.5 
ppm)[3] due to the more electron-withdrawing nature of the fluorine 
substituent. The single-bond Si–F coupling of 291.2 Hz with the pendant 
fluorine is fairly large as compared to the 252 Hz reported for SiPh3F2−.[21] 
The fluorine is deshielded at δ F = −116.4 ppm (cf. 7: −116.7 (30% O→Si 
bond formation[22]) vs TMAF: −82.9 ppm (free F−)) and is in accordance 
with its mixed covalent-ionic bonding.[22,12] The 1H,29Si ge-HMBC NMR 
spectrum of 5b shows not only the strong correlation of silicon with 
H3/H3', but also weaker correlations with H4/H4' and H6/H6'. 
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Scheme 1. Synthetic route to fluorosilicates 5. 
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Figure 4. Exchange graph for 5 with relative energies (kcal mol−1) and Gibbs free energies ΔG 
(298.15 K) in italics. 
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Variable-temperature NMR showed that 5b is even stable at +87 °C and 
the sole species even when cooled down to −55 °C. Over this temperature 
range, the 1H and 13C aromatic regions feature only four and six sharp 
resonances, respectively, which implies that all phenyl moieties are NMR 
equivalent. Consequently, one might consider 5 to have a C 2v symmetric 
structure [5RP] with an apical fluorine similar to [1RP]. However, this 
geometry suffers from substantial ortho-H repulsion with two H•••H 
calculated contacts of 1.846 Å and 22.6° concave biphenyl groups (Figure 
4). Moreover, the apical site of the RP hypercoordinated species has the 
most covalent character, making it the least favorable position for an 
electronegative substituent such as fluorine.[17,12] Indeed, the calculations 
show that the global minimum of 5 is a TBP with the fluorine in an 
equatorial position (Figure 4), while [5RP] is a second-order saddle point 
that is 24.7 kcal mol−1 less stable. Also, the calculated barrier for Berry 
pseudorotation via the RP-like TS [5A]‡ (mechanism A) is rather high at 
+22.0 kcal mol−1. The two H•••H contacts of 2.055 Å in [5A]‡ are 
comparable to those for [1A]‡ as is the bending of the biphenyl groups 
(27.8° concave, 19.6° convex). The 5.8 kcal mol−1 higher barrier for [5A]‡ as 
compared to [1A]‡ expresses the unfavorable effect of apical placement of 
a strongly electronegative substituent. In contrast, ligand interchange via 
mechanism B can proceed with a very low barrier of only 4.3 kcal mol−1 
([5B]‡). This behavior results from the strong preference of fluorine to 
occupy an electron-rich axial site, which opposes the π repulsion from the 
eq,eq placed biphenyl group. Berry interchange via route B is thus very 
rapid and therefore all phenyl moieties in 5 are NMR equivalent. 
4.2.6 Racemization and Conformational Isomerization of 2 
After having analyzed the influence of the fifth monodentate substituent, 
we now turn our attention to the biaryl ligands. As compared to the 
biphenyl groups in 1, the phenylpyrrole moieties in 2 have a higher π 
electron density and a slightly smaller steric demand. Each phenylpyrrole 
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ligand can adopt two ax,eq orientations, i.e. with either the phenyl or the 
pyrrole moiety in the axial site. As a result, there are six conformational 
isomers of 2 that have both bidentate groups in an ax,eq arrangement, 
namely the three enantiomeric pairs Λ/Δ-2I–III (Chart 1). 2I is the most 
stable one, as was confirmed by an X-ray crystal structure for 2b,[6] while 
also II and III are both local minima at +1.8 and +2.5 kcal mol−1, 
respectively. We attribute the equatorial site preference of the pyrrole 
moiety to its higher π-electron density as compared to the phenyl moiety. 
Thus, in II and III there is some extra repulsive overlap of the axial pyrrole 
π orbitals with the equatorial Si−C bonds.[12] 
The isomers of 2 can interconvert via Berry pseudorotation according to 
the exchange graph in Figure 5. Conformers I and III can interchange 
directly via mechanism A (vertical reaction arrows). Again bifurcation of the 
reaction pathway occurs and the degenerate transition states [2A]‡ have an 
RP-like geometry with one concave and one convex bis-basal biaryl group. 
We use the indices δ and λ to indicate that the degenerate TS’s between 
Λ-2I and Δ-2III are the mirror image of those between Δ-2I and Λ-2III, 
respectively.[23] The racemization of isomer 2II also proceeds by means of 
mechanism A via the degenerate RP-like transition states [λ/δ-2A']‡. The 
corresponding C s symmetric RP geometry with two concave biaryl groups 
again is a second-order saddle point at +13.6 kcal mol−1. The barriers of 
+11.3 ([2A]‡) and +12.8 kcal mol−1 ([2A']‡) are notably lower than the 
+16.2 kcal mol−1 barrier for [1A]‡ (vide supra ), since in the RP-like TS’s of 
Chart 1. Pseudorotational isomers of 2. 
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2 the ortho-H atoms of the smaller five-membered pyrrole rings protrude 
less toward the other bidentate ligand. As a result, the bas,bas biaryl 
groups are less distorted from planarity ([2A]‡: 19.3°/8.7°, [2A']‡: 19.1°/8.5° 
concave/convex, respectively). 
Alternatively, Berry pseudorotation via mechanism B (horizontal reaction 
arrows) leads to interchange between I and II, and between II and III. Again 
the respective transition states [2B]‡ and [2B']‡ have a TBP geometry with 
the methyl substituent in an axial position. In [2B]‡, the second axial site is 
occupied by a pyrrole moiety versus a phenyl moiety in [2B']‡. We use the 
same λ/δ convention as for [2A]‡ to indicate the mirror images of each 
transition state.[23] As the phenylpyrrole moiety is more π-electron rich 
than a biphenyl group both transition states suffer from increased π 
repulsion of the eq,eq biaryl group with the axial bonds. As a result, the 
barriers for route B are raised from +11.2 kcal mol−1 for [1B]‡ to +17.6 for 
 
Figure 5. Exchange graph for 2, including energies (kcal mol−1) relative to I. Indices Λ and Δ 
(λ and δ) denote the mirror images of each minimum (transition state).[23] Hydrogen 
atoms are omitted for clarity. 
Berry Pseudorotation in Spirocyclic Pentaorganosilicates 
69 
[2B]‡ and to +14.2 kcal mol−1 for [2B']‡. Therefore, in contrast to silicates 1 
and 5, mechanism A is favored over mechanism B for 2. 
4.2.7 Comparison with Experiment for 2 
Earlier we reported on the thermodynamics and kinetics of the 2I ⇄ II 
equilibrium by variable-temperature NMR.[6] The experimental reaction 
Gibbs energy of ΔrG 258 K = +1.66 kcal mol−1 is in excellent agreement with 
the calculated value of +1.8 kcal mol−1 for II (Table 2), while that of III is 
notably higher at +2.6 kcal mol−1. However, the experimental reaction 
barrier of ΔG ‡258 K = 15.5 kcal mol−1 is markedly lower than the calculated 
barrier of 18.4 kcal mol−1 for direct interchange between 2I and II via 
mechanism B ([2B]‡). Alternatively, 2I can isomerize more easily via III 
([2A]‡, ΔG ‡258 K = 12.1 kcal mol−1) to II ([2B']‡, ΔG ‡258 K = +15.0 kcal mol−1). 
The last step is rate limiting and its barrier is in excellent agreement with 
experiment. Although pseudorotamer 2III should thus be readily accessible, 
its concentration is too low for detection by NMR. Using the Boltzmann 
equation, the relative population of III at 258 K was calculated to be only 
0.6% (I: 93.8%, II: 5.5%). In addition, at this temperature the NMR signals of 
III will still coalesce with those of the main isomer I due to the rapid 2I ⇄ III 
Table 2. Calculated and experimental thermodynamic parameters (kcal mol−1) for 
Berry pseudorotational isomerism of 2. 
  At 298.15 K At 258 K 
 ΔE ΔH ΔS c ΔG ΔH ΔS c ΔG 
2II 1.8 1.8 0.1 1.8 1.8 0.1 1.8 
2III 2.5 2.6 0.0 2.6 2.6 0.0 2.6 
Exp. isomerb       1.66(6) 
[2A]‡ 11.3 11.0 −4.2 12.2 11.0 −4.0 12.1 
[2A']‡ 12.8 12.5 −4.1 13.7 12.6 −3.9 13.6 
[2B]‡ 17.6 16.7 −6.8 18.7 16.7 −6.6 18.4 
[2B']‡ 14.2 13.3 −6.6 15.2 13.3 −6.3 15.0 
Exp. barrierb       15.5(5) 
a Scaled by 0.9804. b Taken from ref. 6. c In cal mol−1 K−1. 
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equilibrium. Lower temperatures would be needed to freeze this process on 
the NMR timescale, but this will also cause an even lower population of III. 
4.2.8 Factors Affecting Pseudorotation 
The aforegoing analyses of silicates 1, 2, and 5 reveal a number of factors 
that can be used to moderate the pseudorotational mechanism and 
barriers. 
Mechanism A is strongly affected by the steric interactions between the 
bis-basal bidentate ligands in the RP transition state. Substitution of the 
biaryl systems ortho to silicon thus increase this pseudorotation barrier. 
However, the size of the substituents should be carefully tuned to avoid 
steric crowding in the TBP ground state. We have shown in an earlier study 
that the stability of pentaorganosilicates is strongly reduced by steric 
congestion.[12] 
The use of a strongly electron-withdrawing monodentate group (F) also 
impedes pseudorotation via mechanism A. Simultaneously though, the TBP 
transition state for mechanism B is stabilized due to the increased axial-
site preference of the monodentate group. The electronic nature of the 
monodentate substituent can thus be used to control the mechanism of 
pseudorotation. 
Mechanism B is inhibited specifically by using π-electron rich biaryl 
bidentate groups, as was observed for 2. The TBP transition state is raised 
by the increased repulsion between the aromatic π system of the eq,eq 
biaryl ligand and the electron-rich axial silicate bonds. 
Finally, we reiterate that the often-mentioned turnstile rotation mecha-
nism is a subclass of the Berry pseudorotation, as was earlier pointed out 
by Russegger and Brickmann.[18b] 
4.3 Conclusions 
Highly stable spirocyclic tetraorganofluorosilicate 5 was synthesized and 
fully characterized by NMR, which suggests very rapid interchange of its 
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biphenyl bidentate groups. Intramolecular ligand interchange in this silicate 
and related spirocyclic pentaorganosilicates occurs by Berry pseudorotation 
via two competitive routes. Our DFT calculations (B3LYP/6-31G(d)) show 
excellent agreement with the experimentally observed kinetics and 
thermodynamics. Interchange route A bifurcates into two enantiomeric 
pathways of which the distorted rectangular pyramidal transition state can 
be further destabilized by appropriate substitution of the biaryl groups 
ortho to silicon. Interchange route B involves a trigonal bipyramid 
transition state with one biaryl group bridging two equatorial sites and the 
barrier of this route can be increased by using stronger π donor bidentate 
systems and by ortho-substitution. In addition, the electronegativity of the 
monodentate substituent can be used to alter the preferred BPR route. 
These concepts allow the design of novel chiral pentaorganosilicates that 
will not epimerize at Si. Such configurationally stable silicates may be used 
in chiral ionic liquids or as chiral auxiliaries. Experimental efforts are 
currently in progress to explore this aspect. 
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4.4 Experimental 
Dimethylformamide (DMF) was distilled from phenylzinc iodide. Commercial cesium 
fluoride was dried at 100 °C under vacuum; tetramethylammonium fluoride (TMAF) 
was meticulously dried according to a literature procedure.[20] Bis(biphenyl-2,2'-
diyl)silane (6) was synthesized from 1,1'-dibromobiphenyl and tetrachlorosilane 
analogous to ref. 24. Silicate preparation and handling was performed in the 
purified N2 atmosphere of an MBRAUN Unilab glovebox. 19F NMR measurements 
were performed (at 298 K) on a Bruker Avance 250; all other NMR spectra were 
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recorded on a Bruker Avance 400. NMR chemical shifts are internally referenced to 
DMF for 1H (2.90 ppm) and 13C (35.19 ppm), and externally for 19F to CFCl3 and for 
29Si to TMS. Melting points were measured on samples in sealed capillaries and are 
uncorrected. The high-resolution mass spectrum (HR-MS) of 5a was measured on a 
JEOL JMS SX/SX 102A four-sector mass spectrometer, coupled to a JEOL MS-
MP9021D/UPD system program. The sample was introduced via a direct insertion 
probe into the ion source (70 eV ionization potential), and heated to ~300 °C. 
During the high resolution EI-MS measurement a resolving power of 10,000 (10% 
valley definition) was used. 
Cesium Bis(biphenyl-2,2'-diyl)fluorosilicate (5a) 
Dried CsF (71.45 mg, 470 μmol) and bis(biphenyl-2,2'-diyl)silane (73.95 mg, 222 
μmol) were covered with DMF (3 mL), and the mixture was stirred for 2 days at 
room temperature. NMR revealed almost complete conversion to the silicate. The 
clear colorless supernatans was filtered through glass wool and evaporated to 
afford crude 5a as a white solid (101.60 mg, 94%). Mp: 221.5–226.1 °C; 1H,29Si ge-
HMBC NMR (400.1 MHz, DMF): δ −90.6 (d, 1J SiF = 291.1 Hz); 19F NMR (235.3 MHz, 
DMF): δ −116.4 (1J FSi = 291.2 Hz); 13C{1H} NMR (100.6 MHz, DMF): δ 153.8 (d, 2J CF = 
51.1 Hz, C2/2'), 146.2 (s, C1/1'), 134.4 (s, C3/3'), 126.4 (s, C5/5'), 124.8 (s, 
C4/4'), 118.5 (s, C6/6'); 1H NMR (400.1 MHz, DMF): δ 7.71 (d, 4H, 3J HH = 7.6 Hz, 
H6/6'), 7.27 (d, 4H, 3J HH = 6.9 Hz, H3/3'), 7.09 (t, 4H, 3J HH = 7.4 Hz, H5/5'), 6.90 (t, 
4H, 3J HH = 7.0 Hz, H4/4'); HR EI-MS: calcd for C24H17FSi (M + H): 352.1084, found: 
352.1093; m/z (%): 352 (27) [M + H]+, 332 (100) [M − F]+. 
Tetramethylammonium Bis(biphenyl-2,2'-diyl)fluorosilicate (5b) 
Bis(biphenyl-2,2'-diyl)silane (35.9 mg, 108 μmol) and TMAF (21 mg, 225 μmol) 
were covered with DMF (1.0 mL). After thorough mixing, undissolved excess 
fluoride salt was precipitated by centrifugation and the clear colorless supernatans 
was transferred to a Schlenk. Evaporation of the solvent yielded crude 5b as a white 
solid (47 mg, 99%). 29Si{1H} INEPT NMR (79.5 MHz, 3J H,Si = 4.5 Hz, 4H, DMF/C6D6): δ 
−91.2 (d, 1J SiF = 290.0 Hz); 19F{1H} NMR (235.3 MHz, DMF/C6D6): δ −116.8 (1J FSi = 
289.9, 2J FC = 51.3 Hz); 13C{1H} NMR (100.6 MHz, DMF/C6D6): δ 153.7 (d, 2J CF = 51.3 
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Hz, C2/2'), 146.2 (d, 3J CF = 3.4 Hz, C1/1'), 134.4 (d, 3J CF = 2.7 Hz, C3/3'), 126.4 (s, 
C5/5'), 124.9 (s, C4/4'), 118.5 (d, 4J CF = 1.9 Hz, C6/6'), 54.2 (t, 1J C¹⁴N = 3.8 Hz, 
Me4N+); 1H NMR (400.1 MHz, DMF/C6D6): δ 7.75 (d, 4H, 3J HH = 7.5 Hz, H6/6'), 7.32 
(d, 4H, 3J HH = 6.9 Hz, H3/3'), 7.13 (t, 4H, 3J HH = 7.3 Hz, H5/5'), 6.94 (t, 4H, 3J HH = 
7.1 Hz, H4/4'), 3.24 (s, 12H, Me4N+). 
Computational Methods 
Hybrid density-functional theory calculations were carried out with Gaussian 03 at 
the B3LYP/6-31G(d) level.[25] The easy deformability of silicates required the use of 
an ultrafine integration grid and tight SCF and optimization convergence criteria. 
The nature of each stationary point was confirmed by a frequency calculation. 
Thermal corrections to the Gibbs free energy were scaled by 0.9804.[26] Reaction 
profiles were obtained from IRC calculations, using an ultrafine integration grid, 
tight SCF and optimization criteria, and a step size of 0.50 amu½ Bohr. 
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Chapter 5 
Design and Synthesis of a Configurationally Rigid 
Pentaorganosilicate 
Erik P. A. Couzijn, Daniël W. F. van den Engel, J. Chris Slootweg, 
Frans J. J. de Kanter, Andreas W. Ehlers, Marius Schakel, and 
Koop Lammertsma 
 
A novel stable pentaorganosilicate is designed and synthesized, which is 
configurationally rigid according to B3LYP calculations. NMR spectroscopic 
characterization confirmed the predicted spatial arrangement of the ligands. 
Epimerization at silicon requires multiple Berry pseudorotations, with a 
calculated rate-limiting barrier of +27.9 kcal mol–1. The silicate is stable at 
room temperature in solution, and bond energy analyses suggest its stability to 
be comparable to that of previously reported pentaorganosilicates. We aim to 
use this silicate as a chiral auxiliary or in chiral ionic liquids. 
Manuscript in preparation 
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5.1 Introduction 
In the last decades, hypervalent silicon compounds have received unremit-
ting interest and a plethora of such species species has been characterized, 
most of them containing oxygen or nitrogen bonded ligands or fluorine.[1–6] 
Recently, the first highly stable all-carbon pentaorganosilicates 1 and 2 
were reported,[6–9] in which each biaryl bidentate ligand bridges an axial 
(ax) and an equatorial (eq) site of the trigonal bipyramidal silicon center. 
Such spirocyclic silicates are helical and exist as right- and left-handed (Δ 
and Λ) enantiomers, which racemize rapidly in solution by Berry 
pseudorotation (BPR) with experimental barriers of 13 (1) and 15.5 kcal 
mol–1 (2).[10,6,9] In our ongoing research on highly stable pentaorgano-
silicates,[9] we aim to develop configurationally rigid derivatives that may 
find application in asymmetric silicon chemistry[11] as chiral auxiliaries or in 
chiral ionic liquids.[12] 
Rapid intramolecular ligand interchange is common to pentacoordinate 
silicon species.[1a–d] Known heterosubstituted silicates with high epimeri-
zation barriers are 3 (a: 29.0, b: 28.6 kcal mol−1),[2] 4,[5d] and 5 (21 kcal 
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mol−1),[5a] of which 3b and 5 do not contain additional chiral centers. 
However, no optically pure silicates have as yet been obtained that are 
chiral only at silicon. For pentacoordinate heterosubstituted phosphorus 
species related to 3, Akiba and coworkers[13] did achieve the optical resolu-
tion and derivatization of configurationally stable P-stereogenic phosphor-
anes. The structural rigidity of these phosphoranes and of 3–5 is at least in 
part due to the large difference in electron-withdrawing ability of the axial 
and equatorial moieties of the bidentate ligands.[2] Recently, we showed 
that the presence of π electron-rich bidentate ligands also causes a 
substantial increase of the BPR barrier.[9] Based on this earlier work, we now 
report on the design and synthesis of a stable pentaorganosilicate derived 
from 2, which will not undergo Si epimerization at room temperature. 
5.2 Results and Discussion 
The discussion is organized as follows. First we describe the design of a 
rigid all-carbon subsituted pentaorganosilicate, using B3LYP calculations. 
We then discuss the stability, epimerization, and preferred configuration of 
this silicate. Finally, we describe its synthesis and NMR characterization. 
5.2.1 Design 
Previously, a trigonal bipyramidal (TBP) conformation was established for 
bis(biaryl)silicates, with both biaryl bidentate ligands in an ax,eq arrange-
ment (Λ/Δ-I in Figure 1).[9] In this orientation, the electron-withdrawing 
biaryl ligands stabilize the hypervalent silicon center substantially without 
causing any steric congestion.[9b] These compounds can epimerize at 
Si
Si
Si
Si
Si
BPR A BPR B
Λ-I [A]‡ Δ-I [B]‡ Λ-I 
Figure 1. General structure and Berry pseudorotation of bis(biaryl)silicates. 
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silicon via two modes of Berry pseudorotation (BPR, Figure 1).[9c] Route A 
involves transition state (TS) [A]‡ in which silicon has a rectangular pyrami-
dal (RP) coordination with the monodentate ligand in the apical position. 
The bis-basal bidentate ligands are considerably bent (one convex and one 
concave) due to mutual steric interactions. Route B proceeds via TS [B]‡, 
which represents a TBP structure with the monodentate ligand in an axial 
position; one bidentate ligand is bisequatorial, causing over 10 kcal mol−1 
repulsive interactions of its aromatic π system with the electron-rich axial 
Si–C bonds.[9b] 
Silicate 2 can exist as three enantiomeric pairs of configurational 
isomers that differ with respect to the number of axial phenyl moieties (2, 
1, 0), and we showed that these conformers interchange in solution by 
both BPR mechanisms.[9a] Since both steric hindrance and repulsive π-
interactions are the determining factors for the height of the barriers for 
the Berry pseudorotation, we decided to increase the phenyl moieties in 2 
by replacing them by naphthyl groups (6). We reasoned that this extension 
would not influence the stability of the main conformer (Λ/Δ-6I, Chart 1), 
whereas the other two configurations (6II and III) would suffer from 
considerable steric congestion between the equatorial Naph-H8' atom(s) 
and the nearby axial group(s). Likewise, BPR interchange via route A would 
be strongly hindered by the bulky naphthyl groups as these have to pass 
one another in TS’s of type [A]‡. Moreover, BPR via route B was already 
impeded for 2 by the π electron-rich pyrrole moieties[9c] and the spatial 
Chart 1. Configurational isomers of 6. 
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extent and rigidity of the Naph moieties in 6 is expected to cause 
additional steric interactions in type [B]‡ TS’s. To quantify the effects of the 
proposed modification, we set out to calculate the stability and 
configurational isomerization of 6. 
5.2.2 Stability of 6I 
To compare the steric congestion in and the stability of 6I with those of 1 
and 2, we optimized their structures at the B3LYP/6-31G(d) level of 
theory.[14] We then performed Si–Me bonding energy analyses of each 
silicate relative to the silane and methyl anion fragments[9b] with ADF at the 
BP/TZP level (Table 1).[15,16] The preparation energies are almost identical 
for silicates 1 and 6I (ΔE prep = 49.1 and 49.3 kcal mol−1, respectively), 
indicating similar strain in the fragments, while that for 2 is slightly smaller 
at 46.5 kcal mol−1. The Pauli repulsion between the silane fragment and the 
methyl anion is somewhat higher for 6I than for the other two silicates (1: 
ΔE Pauli = 266.3, 2: 272.2, 6I: 279.5 kcal mol−1), but this is countered by a 
similar increase of the orbital interactions (1: ΔE oi = −163.7, 2: −169.8, 6I: 
−177.9 kcal mol−1). In addition, the electrostatic attraction ΔV elstat 
increases slightly from −218.6 (2) to −221.0 kcal mol−1 (6I) due to further 
charge delocalization. These results indicate that the steric requirements of 
the three silicates are similar. The net Si–Me bond strengths signify the 
stability of each silicate relative to the respective silane and methyl anion, 
and are almost identical for 2 and 6I (69.6 and 70.2 kcal mol−1, 
respectively). A better indication for their stabilities would be provided by 
Table 1. BP/TZP Si−Me bonding energy analyses (kcal mol−1). 
 1 2 6I 
ΔE Pauli 266.3 272.2 279.5 
ΔV elstat −213.7 −218.6 −221.0 
ΔE oi −163.7 −169.8 −177.9 
ΔE int −111.1 −116.1 −119.5 
ΔE prep 49.1 46.5 49.3 
ΔE Net −62.0 −69.6 −70.2 
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the strengths of the axial Si–C bonds, but these are difficult to determine 
for bidentate ligands by this approach.[9b] The axial Si−C bond lengths in 6I 
are calculated to be only slightly elongated relative to 2 (2.088(6) vs 
2.054(3) Å), and therefore we expect that 6I will also be highly stable. 
5.2.3 Conformers of Silicate 6 
We now turn to conformers Λ/Δ-6II and III, which have respectively one or 
two naphthyl moieties in a spatially more restricted equatorial site, where 
the Naph-H8' atom interferes with the nearby axial ligand. B3LYP 
calculations confirm that conformers II and III are energetically disfavored 
relative to 6I by as much as 9.1 and 17.4 kcal mol−1, respectively (Table 2), 
versus 1.8 and 2.5 kcal mol−1 for the corresponding isomers of silicate 
2.[9c] The distance between the eq H8' and ax C atoms is only 2.291 Å in II 
and 2.303(3) Å in III (cf. 2.90 Å H•••C van der Waals sum), while the eq Si–
Naph bonds are lengthened as compared to the eq Si–Pyr bonds (e.g. 6II: 
 
Figure 2. Isomerization graph for 6, including relative energies (kcal mol−1). Hydrogen atoms 
are omitted for clarity. 
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1.989 vs 1.906 Å, respectively) to relieve some of this steric congestion. 
5.2.4 Epimerization of 6 
The conformers Λ/Δ-6I–III can interconvert via Berry pseudorotation accor-
ding to the reaction graph in Figure 2 (we use the prefix λ or δ to designate 
the mirror images of the other stationary points). The epimerization steps 
involve similar movements of the ligands as we have described earlier for 
2.[9c] Si epimerization in 6I is strongly impeded as compared to 2I, as 
shown by the calculated barriers for interconversion to III and to II (Table 2) 
that are as high as respectively +27.9 ([A]‡, mechanism A) and +25.3 kcal 
mol−1 ([B]‡, mechanism B) versus +11.3 and +17.6 kcal mol−1 for the 
corresponding BPR barriers for 2.[9c] Whereas the direct enantiomerization 
of 2II has been calculated to proceed with a barrier of +12.8 kcal mol−1, we 
were unable to locate a similar transition state for the direct enantiomeri-
zation of Δ-6II to Λ-II, as the steric demands of the Naph moieties become 
prohibitive. Figure 3 shows the results of a linear transit calculation for this 
process, in which the BPR coordinate was scanned by variation of the 
dihedral angle between the bidentate ligands. At 74% BPR, the Naph 
moieties still cannot pass each other (geometry [D], +32.7 kcal mol−1), and 
Table 2. B3LYP/6-31G(d) thermodynamic parameters (kcal mol−1) of 
stationary points of 6 at 298.15 K (scaled by 0.9804).[17] 
 E a ΔE ΔE ZPE ΔH ΔS b ΔG 
I −1516.78614834 0.00 0.00 0.00 0.00 0.00 
II −1516.77170350  9.06 8.99 8.95 −0.94 9.22 
III −1516.75845767 17.38 16.94 17.06 3.36 16.06 
[A]‡ −1516.74170282 27.89 27.60 27.10 −5.38 28.71 
[B]‡ −1516.74579182 25.32 25.05 24.43 −4.57 25.79 
[B1']‡ −1516.75901600 17.08 16.60 16.06 −5.10 17.58 
B' −1516.75991703 16.46 16.18 16.14 0.44 16.06 
[B2']‡ −1516.75830832 17.47 17.12 16.58 −5.11 18.10 
[D]c −1516.73400250 32.72     
a In Hartree. b In cal mol−1 K−1. c Not a stationary point. 
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at this point the reaction mode changes to Si−CNaph bond dissociation of 
the convex bidentate ligand. 
The steric requirements of the naphthyl moieties also moderate the 
mechanism for interchange of 6II and III via mechanism B. The intermediate 
TBP structure B' with one biaryl ligand in an eq,eq arrangement has become 
a very shallow minimum at +16.5 kcal mol−1, which is connected with II 
and III by the two TS’s [B1']‡ and [B2']‡ at +17.1 and +17.5 kcal mol−1, 
respectively (Figure 4). These TS’s have distorted RP geometries, whose 
 
Figure 3. Reaction profile for BPR enantiomerization of 6II, with selected distances (Å). 
 
Figure 4. Reaction profile for Λ-II ⇄ Δ-III BPR epimerization via mechanism B, with energies 
(kcal mol–1) relative to 6I and structures of intermediate stationary points (hydrogen 
atoms omitted for clarity). 
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increased steric crowding outweigh the reduction in π repulsion relative to 
B'. The fact that B' is a local minimum has no further implications for the 
configurational interchange scheme, as the arrangement of the two 
bidentate ligands in B' does not permit alternative pathways. 
Full enantiomerization of either of the conformers 6I–III thus requires 
three subsequent BPR steps, for example Λ-I ⇄ Δ-II ⇄ Λ-III ⇄ Δ-I, in which 
the interchange I ⇄ III is rate-limiting. We calculate a Gibbs free energy of 
activation of ΔG ‡ = +28.7 kcal mol−1 for this process, which should suffice 
to prevent racemization at room temperature. Therefore we set out to 
synthesize this novel silicate. 
5.2.5 Synthesis of Silicate 6 
We followed a similar synthetic approach for silicate 6 (Scheme 1) as was 
previously reported for 2.[9a] Commercially available β-naphthylamine 7 was 
brominated selectively in the α position in 71% yield according to a 
literature procedure,[18] and subsequent condensation with 2,5-dimethoxy-
tetrahydrofuran afforded bromonaphthylpyrrole 9 as a yellow liquid in 98% 
yield.[19] In this compound the naphthyl H6' and H7' atoms give rise to a 
characteristic AB pattern with a coupling of 6.9 Hz, which is further split up 
by vicinal and long-range couplings with the adjacent hydrogen atoms 
Scheme 1. Synthetic route to silicate 6, with numbering scheme for the bidentate ligands. 
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(3J H6',H5' = 8.0, 4J H6',H8' = 1.3 and 3J H7',H8' = 8.5, 4J H7',H5' = 1.5 Hz). The desired 
spirocyclic silane 10 was obtained as a yellow solid in 85% yield from 9 in 
diethyl ether by treatment with 2 equivalents of butyllithium (−78–25 °C) 
and 0.5 equivalents of SiCl4 (25 °C).[19] Silane 10 exhibits a characteristic 
29Si NMR chemical shift of δ = −36 ppm (cf. phenylpyrrole analogue: −35 
ppm).[9a] The naphthyl H8' resonance is shifted from δH = 8.39 in 9 to 7.17 
ppm in 10, causing a complex ABC pattern with H6' and H7'. 
Treatment of 10 with methyllithium in THF at −78–25 °C afforded a 
yellow solution of the target lithium silicate 6, as evidenced by the upfield 
shift of the 29Si NMR signal to δ = −129 ppm (cf. 2: −131 ppm). The 
compound is stable in solution, showing no change in 1H NMR after 2 days 
at room temperature, and was fully characterized by 1H NMR, 13C NMR, 
HMQC, HMBC and 1H,29Si ge-HMBC spectroscopic measurements. The 1H 
NMR spectrum of 6 indicates twofold symmetry, and the 2D NOESY 
spectrum shows correlations between the naphthyl H8' atoms and the 
methyl group as well as between H8' and the pyrrole H3 atoms. These 
observations are only compatible with geometry 6I (Table 3), in which the 
naphthyl H8' atoms are situated midway between the methyl and pyrrole 
moieties, in agreement with our B3LYP calculations. 
In these preliminary studies, no signals were observed that could be 
credited to traces of the configurations Λ/Δ-6II and III. In principle, it is 
Table 3. Average H•••H distances (Å) for the conformers of 6 
calculated with B3LYP/6-31G(d). 
 H8'•••H3 H8'•••Meb H3•••Meb 
I 2.79(6) 2.27–2.73(7) 4.44–4.76(3)c 
IIa 5.47 eq–eq 4.56 eqc 4.46 eqc 
 6.36 ax–axc 2.54 ax 3.13 ax 
III 3.1(2) 4.22–4.88(7)c 2.63–3.44(6) 
a Equatorial (eq) and axial (ax) H8' (H3) interactions are listed 
separately. b Minimum and maximum distance, depending on the 
rotation of the methyl group. c No direct interaction possible. 
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possible that such signals have coalesced with those of the main conformer 
due to a rapid interchange process, as we have reported for 2.[9a] However, 
our calculations show that the other conformers of 6 should be 
thermodynamically strongly disfavored, and that Berry pseudorotation 
should be obstructed. Therefore, further research is warranted to obtain 
enantiomerically pure 6 and to confirm that it will indeed not racemize at 
room temperature. An obvious strategy would be to isolate the silicate by 
exchanging the lithium counterion for a chiral quarternary ammonium ion 
and to separate the resulting diastereomeric salts, and such efforts are 
underway. 
5.3 Conclusions 
A new stable pentaorganosilicate 6 with naphthylpyrrole bidentate ligands 
has been designed, which is configurationally rigid as established by B3LYP 
calculations. Bond analyses indicate that the stability of this silicate is 
comparable to that of the known 1 and 2. The structure of the synthesized 
silicate 6 was confirmed in solution by NMR spectroscopy as a single 
conformer. The observed spatial arrangement of the biaryl bidentate 
ligands in 6 is consistent with the calculated strong preference for axial 
placement of the naphthyl moieties. This silicate may be used in chiral 
ionic liquids or as chiral auxiliary. 
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5.4 Experimental 
Reactions were carried out under nitrogen using standard Schlenk techniques. 
Tetrachloromethane was distilled from P2O5, tetrahydrofuran (THF) from 
sodium/benzophenone, and diethyl ether (DEE) from lithium aluminum hydride. 
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n-Butyllithium and methyllithium were purchased as 1.6 M solutions in hexanes 
and in diethyl ether, respectively. NMR measurements were performed (at 298 K) on 
a Bruker Avance 250 or a Bruker Avance 400. NMR chemical shifts are internally 
referenced to the solvent for 1H (CHCl3: 7.26, THF: 3.59 ppm) and 13C (CDCl3: 
77.16, THF: 67.58 ppm), and externally for 29Si to TMS. Low- and high-resolution 
mass spectra (LR-MS, HR-MS) were measured on a Finnigan Mat 900 mass 
spectrometer operating at an ionization potential of 70 eV. 
1-Bromo-[2]naphthylamine (8)[18] 
A mixture of finely ground β-naphthylamine (2.0 g, 14.0 mmol) and 
N-bromosuccinimide (3.2 g, 18.0 mmol) in tetrachloromethane (40 mL) was 
sonicated for 1.5 h under mechanical stirring. The dark brown mixture was washed 
with two 25 mL-portions of water, and the aqueous phase was extracted with two 
25 mL-portions of DEE. The CCl4 and DEE layers were combined, dried on 
magnesium sulfate, and evaporated to dryness. The crude product was purified by 
column chromatography over silica gel eluting with 1:1 DCM/hexane and 
subsequent crystallization from DCM/hexane to afford an orange-red solid (2.2 g, 
10.0 mmol, 71%). 13C NMR (62.9 MHz, CDCl3): δ 142.1 (CNH2), 133.1 (Cq), 128.6 
(Cq), 128.5, 128.1, 127.7, 124.8, 122.8, 117.7, 103.9 (CBr); 1H NMR (250.1 MHz, 
CDCl3): δ 8.04 (d, 3J HH = 8.5 Hz, 1H, H8), 7.69 (br. d, 3J HH = 8.1 Hz, 1H, H5), 7.63 
(d, 3J HH = 8.7 Hz, 1H, H4), 7.51 (ddd, 3J HH = 8.4, 3J HH = 6.9, 4J HH = 1.3 Hz, 1H, H7), 
7.29 (ddd, 3J HH = 8.1, 3J HH = 6.9, 4J HH = 1.1 Hz, 1H, H6), 7.01 (d, 3J HH = 8.7 Hz, 1H, 
H3), 4.36 (br. s, 2H, NH2). 
1-(1-Bromo-[2]naphthyl)-1H-pyrrole (9) 
2,5-Dimethoxytetrahydrofuran (0.91 mL, 7.0 mmol) was added dropwise to a 
refluxing mixture of 8 (1.2 g, 5.4 mmol) in glacial acetic acid (5 mL). The reaction 
was sampled every 10 min by TLC, eluting with 1:1 DCM/hexane. After completion, 
the dark brown mixture was washed with two 25 mL-portions of water, extracted 
with two 20 mL-portions of DEE, and dried on magnesium sulfate. Purification by 
column chromatography over silica gel eluting with 1:1 DCM/hexane afforded a 
yellow oil (1.43 g, 5.25 mmol, 98%). 13C NMR (62.9 MHz, CDCl3): δ 138.5 (C2'), 
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133.4 (C10'), 132.8 (C9'), 128.6 (C4'), 128.3 (C5'/7'), 128.1 (C8'), 127.2 (C6'), 125.9 
(C3'), 122.7 (NC=C), 120.0 (C1'), 109.3 (NC=C ); 1H NMR (250.1 MHz, CDCl3): δ 
8.39 (d, 3J HH = 8.5 Hz, 1H, H8'), 7.90 (br. d, 3J HH = 8.0 Hz, 1H, H5'), 7.87 (d, 3J HH = 
8.5 Hz, 1H, H4'), 7.68 and 7.60 (ABMX, 3J HH = 8.5, 3J HH = 8.0, 3J HH = 6.9, 4J HH = 
1.5, 4J HH = 1.3 Hz, 2H, H7' and H6'), 7.45 (d, 3J HH = 8.6 Hz, 1H, H3'), 6.97 (t, 3J HH = 
2.2 Hz, 2H, NCH), 6.40 (t, 3J HH = 2.2 Hz, 2H, NC=CH); LR EI-MS m/z (%): 273 (100) 
[M-81Br]+, 271 (98) [M-79Br]+, 191 (38) [M − HBr]+; R f (silica/1:1 DCM/hexane): 0.7. 
Bis([2]naphthylpyrrol-1',2-diyl)silane (10) 
n-Butyllithium (6.0 mL, 9.6 mmol) was added dropwise to 9 (1.0 g, 3.67 mmol) in 
DEE (6.0 mL) at −78 °C; the resulting yellow suspension became clear upon 
warming to room temperature. Tetrachlorosilane (0.21 mL, 1.83 mmol) was added, 
and the white suspension was stirred overnight, quenched with saturated 
ammonium chloride solution and washed with brine. The aqueous layers were 
extracted with two 15 mL-portions of DEE, and the combined organic layers were 
washed with water and dried on magnesium sulfate. The crude yellow product was 
purified by column chromatography over silica gel eluting with 5:1 hexane/DEE to 
afford a yellow solid (649 mg, 1.58 mmol, 86%). 1H,29Si ge-HMBC NMR (400.1 MHz, 
CDCl3): δ −36; 13C NMR (100.6 MHz, CDCl3): δ 147.9 (C2'), 137.5 (C9'), 133.6 (C4'), 
131.3 (C10'), 128.7 (C5'), 127.8 (C7'), 127.6 (C8'), 124.8 (C6'), 123.7 (C2), 121.6 
(C3), 119.8 (C5), 119.2 (C1'), 114.3 (C4), 112.8 (C3'); 1H NMR (400.1 MHz, CDCl3): δ 
8.02 (d, 3J HH = 8.7 Hz, 2H, H4'), 7.76 (br. d, 3J HH = 8.2 Hz, 2H, H5'), 7.73 (d, 3J HH = 
8.8 Hz, 2H, H3'), 7.71 (dd, 3J HH = 2.6, 4J HH = 0.9 Hz, 2H, H3), 7.23 and 7.17 (br.) 
and 7.13 (ABCX, 3J HH = 8.1, 3J HH = 8.0 Hz, 3J HH = 6.7, 4J HH = 1.4 Hz, 4J HH = 1.1 Hz, 
6H, H6' and H8' and H7'), 6.63 (dd, 3J HH = 3.3, 4J HH = 0.8 Hz, 2H, H3), 6.49 (dd, 3J HH 
= 3.3, 3J HH = 2.7 Hz, 2H, H4); HR EI-MS: calcd for C28H18N2Si: 410.1239, found: 
410.1249; m/z (%): 410 (100) [M ]+. 
Lithium methylbis([2]naphthylpyrrol-2,1'-diyl)silicate (6) 
In an NMR tube under N2, 10 (56 mg, 136 μmol) was dissolved in THF (1.0 mL). 
Methyllithium (90 μL, 144 μmol) was added at −78 °C. The tube was capped 
airtight, and the yellow mixture was slowly warmed to room temperature while 
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vortexing. NMR measurements were performed without lock, and the magnetic field 
was shimmed visually on the 1H FID signal.[20] 1H,29Si ge-HMBC NMR (400.1 MHz, 
THF): δ −129; 13C NMR (100.6 MHz, THF): δ 153.0 (C1'), 141.6 (C2'), 139.6 (C9'), 
138.6 (C2), 132.5 (C8'), 131.5 (C10'), 127.6 (C5'), 125.2 (C4'), 122.4 (C7'), 121.4 
(C6'), 120.3 (C3), 113.1 (C5), 111.6 (C3'), 109.9 (C4), 8.0 (Me); 1H NMR (400.1 MHz, 
THF): δ 8.41 (br. d, 3J HH = 8.1 Hz, 2H, H8'), 7.62 (dd, 3J HH = 7.5, 4J HH = 1.7 Hz, 2H, 
H5'), 7.49 and 7.47 (AB, 3J HH = 8.2 Hz, 4H, H4' and H3'), 7.29 (br. s, 2H, H5), 7.12 
and 7.09 (ABMX, 3J HH = 8.1, 3J HH = 7.5, 3J HH = 7.0, 4J HH = 1.7, 4J HH = 1.5 Hz, 2H, 
H7' and H6'), 5.95 (dd, 3J HH = 3.1, 3J HH = 2.4 Hz, 2H, H4), 5.78 (br. s, 2H, H3), 0.68 
(s, 3H, Me). 
Computational Methods 
General. Hybrid density-functional theory calculations were carried out with 
Gaussian 03 at the B3LYP/6-31G(d) level of theory.[14] The easy deformability of 
silicates required the use of an ultrafine integration grid and tight SCF and 
optimization convergence criteria. The nature of each stationary point was 
confirmed by a frequency calculation, and thermal corrections to the Gibbs free 
energy were scaled by 0.9804.[17] The linear transit calculation was performed in Z-
matrix coordinates, but with the GDIIS search algorithm enabled (IOp(1/19) = 10). 
Bonding Energy Analyses. Silicate Si–Me bonds were analyzed in terms of fragment 
orbitals with the ADF 2004.01 package at the BP86 level using an all-electron TZP 
basis set and an integration accuracy of 6.0.[15] The net bond energy ΔE Net is 
decomposed into four contributions:[16] the preparation energy ΔE prep required for 
deformation of the fragments from their equilibrium structure to their geometry in 
the silicate; the Pauli repulsion (ΔE Pauli) and electrostatic attraction (ΔV elstat) between 
the fragments; and the orbital interaction energy ΔE oi (negative, stabilizing): 
ΔE Net = E Silicate − (E Silane + E Anion) = ΔE prep + (ΔE Pauli + ΔV elstat + ΔE oi) (1) 
The latter three contributions are usually summed to give the interaction energy 
ΔE int. 
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Chapter 6 
Fused Tricyclic Phosphiranes 
Erik P. A. Couzijn, Andreas W. Ehlers, J. Chris Slootweg, Marius Schakel, 
Steffen Krill, Martin Lutz, Anthony L. Spek, and Koop Lammertsma 
 
1,2-Addition of ‘free’, transient W(CO)5-complexed phosphinidenes to 
hexamethyl Dewar benzene affords the novel 3-phosphatricyclo[3.2.0.02,4]-
hept-6-ene complexes that are characterized by NMR spectroscopy and X-ray 
crystallography. Both the Z and the thermally less stable E exo-adducts of the 
fused tricyclic phosphiranes are obtained. The 31P NMR chemical shielding of 
these Z and E isomers differ by about 60 ppm. A computational investigation 
shows that the phosphorus pyramidalization and the presence of the ɣ double 
bond are responsible for this effect. The congested double bond of the Z 
isomer can be epoxidized with MCPBA to afford a fused tetracyclic P,O 
bisadduct. 
Manuscript submitted 
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6.1 Introduction 
Carbene-like electrophilic phosphinidenes give access to a wealth of 
organophosphorus compounds with great structural variety.[1] Numerous 
strained phosphiranes have been obtained through 1,2-addition to 
alkenes, amongst which norbornadiene adducts 1,[2] 2-phospha-
[1.1.0]bicyclobutanes 2,[3] and oligospirophosphiranes,[4] such as 
phospha[7]triangulane 3. The transient phosphinidene reagent PhP=W(CO)5 
can be liberated from 7-phosphanorbornadiene 4 at 110 °C.[5] CuCl 
catalyzed decomposition of 4 takes place already at ≤ 55 °C, but the 
resulting phosphinidene–Cu(I) species shows a reduced reactivity.[3,4,6] 
Benzophosphepines 5 were developed recently,[7] from which ‘free’, 
transient phosphinidenes RP=W(CO)5 are generated in situ under mild 
conditions (5a: R = Ph, ≥ 55 °C; b: R = Me, ≥ 65 °C) by cheletropic 
elimination of naphthalene from the phosphanorcaradiene intermediate. 
Here we report on the reaction of 5 with hexamethyl Dewar benzene 
(11) to generate exo-annellated phosphiranes 6, which have been 
characterized by NMR spectroscopy and X-ray crystallography. To the best 
of our knowledge, these compounds are the first phosphiranes fused with a 
cyclobutane moiety,[8] as well as the first isolated second-row element 
1,2-adducts of 11. First-row element mono- and bisadducts of 11 are 
known, such as 7a,b and 8,[9,10] as are the nitrene adducts of hexafluoro 
Dewar benzene (9, 10),[11] but only for 8b a crystal structure has been 
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reported.[10b] The intermediacy of cationic sulfur analogue 7c has been 
proposed, but it decomposes at −60 °C.[12] 
In analogy with phosphiranes 1 and 2,[2,3] the Z and E isomers of 6 show 
a remarkable difference in 31P NMR chemical shifts. We explain the origins 
of this phenomenon by a computational investigation and also report on 
the strain in 6 as well as on the reactivity of the remaining double bond in 
these tricyclic fused systems. 
6.2 Results and Discussion 
6.2.1 Synthesis 
Reaction of benzophosphepines 5a,b with 11 in toluene cleanly afforded 
the annellated phosphiranes 6a and 6b in 60% and 66% isolated yield, 
respectively (Scheme 1).[13] (Z )-6a could be separated from the E isomer 
and purified by column chromatography and fractional crystallization to 
give a white crystalline solid that decomposes above 145 °C; 6b could only 
be partially separated into isomerically enriched fractions. 
NMR analysis of the products suggests the phosphinidene to have added 
exo to the double bond, while the phosphorus substituent R is oriented 
either Z or E with respect to the central cyclobutane moiety. For example, 
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Scheme 1. Synthetic route to tricyclic phosphiranes 6, including ring atom numbering. 
+P
R
W(CO)5
+
Δ
Toluene
–C10H8
2
5
4
6
3
R
1
P
W(CO)5 RP
W(CO)5
 
11 5 a: R = Ph 
b: R = Me 
(Z )-6a,b (E )-6a,b 
Chapter 6 
98 
the 2D NOESY spectra for both isomers of 6a feature an interaction of the 
phosphirane Me groups (at C1/2) with those attached to the double bond, 
which would be absent in the endo adducts 12a. Furthermore, correlations 
are observed for the phenyl ortho-H atoms with the central Me groups (at 
C3/6) of the Z isomer and with the Me groups of the phosphirane moiety 
(at C1/2) of the E isomer. The preference for the exo isomers is consistent 
with the addition of other heteroatom groups that lead to the exo adducts 
7 and 8,[9,10] and with the addition of RP=W(CO)5 to norbornene and related 
compounds.[14] This preference for exo addition has been attributed to 
rehybridization of the double bond(s) in the substrate, which causes a 
tilting of the C-p AO’s.[14b] As a result, the HOMO π electron density is 
more localized on the exo face than on the endo face, as illustrated for 11 
in Figure 1. 
The 31P NMR chemical shifts of the products (6a: −63.0 (Z ), −126.9 (E ); 
6b: −87.3 (Z ), −138.5 ppm (E )) are similar to those of the related norbor-
nadiene adducts 1 (−61.0 (Z ), −100.7 ppm (E )),[2] but are significantly 
deshielded as compared to the parent phosphirane complexes 13a (−187.6 
ppm)[15] and 13b (−199.3 ppm, vide infra ).[16] The phosphirane carbon 
atoms resonate at rather low field (e.g. (Z )-6a: 49.3 vs (Z )-1: 35.8 ppm).[2] 
6.2.2 Crystal Structure 
The geometry of (Z )-6a was confirmed by X-ray crystallography (Figure 2). 
The crystal structure shows that the plane of the phenyl ring is parallel to 
 
Figure 1. HOMO electron density 
distribution in 11. 
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the phosphirane C–C bond. This C1–C2 bond of 1.592(4) Å is elongated in 
comparison to that of typical phosphiranes (1.47–1.52 Å)[2,15b,17] and is 
even longer than that in phosphabicyclobutane (Z )-2 (1.550 Å).[3] The C3–
C6 bridgehead bond is also elongated (1.588(4) Å), which is, however, 
common for cyclobutenes.[18] The central four-membered ring is planar 
and makes interplanar angles of respectively 61.43(19)° and 69.78(19)° 
with the phosphirane and cyclobutene planes. The central methyl groups 
(C9 and C12) are bent away from the phenyl group, as designated by the 
obtuse interplanar angle of 130.4(2)° with the central cyclobutane versus 
119.3(2)° with the cyclobutene ring.[19] 
 
 
Figure 2. Displacement ellipsoid plot (50% probability) of (Z )-6a. Hydrogen atoms are 
omitted for clarity. Selected bond lengths (Å), angles and torsion angles (°): W1–P1 
2.5206(7), P1–C1 1.831(3), P1–C2 1.840(3), C1–C2 1.592(4), C3–C6 1.588(4), C4–
C5 1.334(4), C1–P1–C2 51.41(11), C2–C1–C7 127.1(2), C1–C2–C8 127.9(2), C3–C6–
C12 125.6(2), C6–C3–C9 127.1(2), C5–C4–C10 135.1(3), C4–C5–C11 135.3(3), P1–
C1–C2–C3 −118.68(16), P1–C2–C1–C6 118.46(16), C1–C6–C3–C4 110.15(19), C2–
C3–C6–C5 −110.3(2), C1–C6–C3–C9 −130.7(3), C2–C3–C6–C12 130.2(3), C4–C3–
C6–C12 −119.4(3), C5–C6–C3–C9 119.2(3). 
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6.2.3 Calculated 31P NMR Chemical Shifts 
Because the 1H NMR resonances of the PMe group of 6b and that of either 
its vinylic (Z ) or phosphirane Me groups (E ) are in close proximity, the 
stereochemical assignment by 2D NOESY NMR is not unequivocal. 
Therefore, we calculated the phosphorus chemical shieldings σ Calc of the 
four possible adducts (exo/endo, Z/E ) with ADF[20] at the BP86/TZP level of 
theory to confirm the stereochemistry of the products. The data in Table 1 
show an excellent agreement between the computed and experimentally 
observed NMR chemical shifts of the exo adducts 6a,b (e.g. (Z )-6b: δ P = 
−81.8 (exp), −87.3 (calc); (E )-6b: −138.5 (exp), −136.8 ppm (calc)), while 
the Z- and E-endo adducts 12b are predicted to be about 20 ppm more 
shielded as compared to 6b. 
6.2.4 Phosphorus Chemical Shielding Differences 
The Z isomers of 6a and 6b are as much as ~60 ppm less shielded than the 
E isomers. Similar shielding differences between the Z and E isomers have 
been observed for the phosphinidene adducts 1, phosphabicyclobutanes 2, 
and 7-phosphanorbornenes 14.[2,3,21] We examine whether this difference 
has a sterical or electronic origin. 
Table 1. BP86/TZP 31P NMR chemical shieldings 
σ and chemical shifts δ (ppm). 
  σ Calc δ Calc δ Exp 
13b  456.4 –199.3a −199.3 
6a Z 318.8 –61.7 –63.0 
 E 387.1 –130.0 –126.9 
6b Z 338.9 –81.8 −87.3 
 E 393.9 –136.8 −138.5 
12b Z 358.7 –101.6  
 E 417.2 –160.1  
a Used as reference chemical shift (see 
Computational Section). 
PPh
R4  
P
Ph
R4  
14a 14b 
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Chesnut et al. related the variations in shielding to the magnitude of the 
HOMO–LUMO energy gap E g, and discussed the underlying principles.[22] 
They found that of the total shielding the diamagnetic term σDia varies only 
little, as it relates to core terms that are similar for all phosphorus 
compounds, while the paramagnetic component σ Para varies much more. 
For uncomplexed phosphines, the HOMO represents the lone pair on 
phosphorus, while the LUMO resembles an empty P-p orbital perpendicular 
to it. In an external magnetic field, effective coupling occurs between these 
MOs[23] and as the LUMO has a nodal plane through phosphorus this will 
cause a paramagnetic deshielding of the nucleus. A smaller energy gap E g 
leads to stronger MO coupling and therefore to a more negative σ Para. The 
double bond in 14 has a large influence on the 31P chemical shielding by 
raising the HOMO, especially for isomer 14a that has its lone pair on the 
opposite side.[22a] In the tricyclic phosphiranes 6 the double bond is more 
distant than in 14 (i.e., in the ɣ instead of the β position) and therefore we 
would expect a smaller effect. 
The HOMO–LUMO gap is also influenced by the valence angles on 
phosphorus.[22b] Due to the steric requirements of the bridgehead methyl 
groups in 6 (cf. 1,3 diaxial steric interactions in cyclohexanes), the P atom 
is less pyramidal in the Z than in the E isomer according to our BP86/TZP 
calculations[20] (i.e., sum of C–P–C angles: 279.2° (Z ), 254.7° (E )). To adress 
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Figure 3. Effect of the phosphirane−Me angle α in 13b' on a) the relative energy and the 
chemical shielding, and b) the HOMO and LUMO equilibrium gap energy E g. 
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this relationship for phosphiranes, we calculated the 31P NMR shieldings for 
uncomplexed phosphirane 13b' (' = no W(CO)5) while varying the angle α 
between the P–Me bond and the phosphirane plane. The energy required 
for such deformations is modest, e.g. +2.0 kcal mol−1 for a 10° increase 
from the equilibrium value of 101.32° (see Figure 3a). Within the 20° range 
of α studied, the shielding changes more than 70 ppm (Figure 3a), which is 
fully attributable to σ Para and which is paralleled by a change in the HOMO–
LUMO gap of 0.45 eV (Figure 3b, E g = 5.78 at α = 95°, 5.34 eV at 115°). 
The p character of the P lone pair (HOMO) and thus its energy level 
increases with larger angles α , i.e. decreasing pyramidalization, while the 
LUMO is much less affected. The same trend is observed for (Z )- and (E )-2 
both of which have been characterized crystallographically. The 
phosphorus atom in (Z )-2 is less pyramidal than that of the E isomer (sum 
of C–P–C angles 273.9° vs 259.9°, respectively), and accordingly is 48.4 
ppm less shielded (Z : δ P = −36.7, E : −85.1 ppm).[3] 
In the complexes 6, the metal fragment, which is both a σ acceptor and 
a π donor, lowers the energy of the P lone pair and raises that of the empty 
P-p orbital.[24] However, a more negative paramagnetic contribution is 
Table 2. 31P chemical shielding decompositions (ppm), phosphirane–Me angles α (°), and MO 
and gap energies (eV); Z isomers drawn. 
  σDia σ Para σ α E HOMO E LUMO E g 
 Z 974.3 −635.4 338.9 117.4    
6b E 973.7 −579.7 393.9 104.0    
 
Me
P
W(CO)5
Δ   55.1 −13.4    
 Z 983.1 −591.2 391.9 114.5 −4.95 −0.62 4.33 
6b' E 987.8 −531.8 456.0 103.3 −5.11 −0.51 4.60 
 
P
Me
 Δ   64.1 −11.2    
 Z 980.1 −551.8 428.2 110.2 −5.11 −0.67 4.44 
15 E 988.5 −534.0 454.5 103.0 −5.22 −0.68 4.54 
 
P
Me
 Δ   26.3 −7.2    
 Z 981.3 −513.5 467.8 110.0 −5.50 −0.20 5.30 
16 E 992.0 −526.1 465.9 102.8 −5.27 −0.25 5.02 
 
P
Me
Δ   −1.9 −7.2    
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observed for 6b than for uncomplexed 6b', i.e. (Z )-6b: σ Para = −635.4, 
(Z )-6b': −591.2 ppm (Table 2), which is due to extra deshielding 
contributions of the complex that arise from coupling between the 
occupied π(PR3) and virtual σ*(PW) orbitals.[24] As these transitions 
complicate more detailed analyses, we focus on the uncomplexed model 
systems 6b', 15, and 16 (Table 2). The paramagnetic contribution σ Para is 
much larger for the E than for the Z isomer of each model compound 
except for 16, while the difference in σDia is small. As the lone pair is more 
localized on P in 6b' than in complex 6b, the phosphorus nucleus is more 
sensitive to the differences in electronic structure of the isomers, which is 
expressed in an increase in Δσ  from 55 to 64 ppm. 
To evaluate the influence of steric congestion on the P-pyramidalization, 
we replaced the bridgehead methyl groups in 6b' for hydrogen (15). The 
result is that the Z isomer becomes more pyramidal, as indicated by the 
angle α of 110.2° for (Z )-15 versus 114.5° for (Z )-6b'. Consequently, the 
HOMO is lowered with a concomitant increase in E g from 4.33 to 4.44 eV. 
This effect is paralleled by a strong reduction of the paramagnetic 
deshielding from −591.2 for (Z )-6b' to −551.8 ppm for (Z )-15. In 
contrast, the E isomers show little structural change, and hence the σ Para 
contribution remains almost constant. Consequently the difference in the 
total shielding σ  of the isomers is reduced from 64 for (Z/E )-6b' to 26 
ppm for (Z/E )-15 (Table 2). 
The effect of the cyclobutene moiety becomes apparent when we 
compare model system 15 with 16 in which the unsaturated ring is 
eliminated. The P-pyramidalization in the isomers of 15 and 16 is virtually 
unaffected (e.g. (Z )-15: α = 110.2°, (Z )-16: 110.0°), yet the influence on 
the chemical shift difference between the E and Z isomers is large. While 
this difference is substantial for 15 (Δσ = 26.3 ppm), it has vanished for 16 
(Δσ = −1.9 ppm). For (Z )-16 E g is even larger than for its E isomer (5.30 vs 
5.02 eV, respectively) and σ Para differs accordingly (−513.5 vs −526.1 
ppm), which thereby effectively counteracts the change in σDia. The 
Chapter 6 
104 
influence of the double bond becomes evident from the MO correlation 
diagrams for 15 and 16 that are shown in Figure 4. As compared to 16, the 
π and π* components of the double bond in 15 participate in respectively 
the HOMO and LUMO, causing a decrease in the energy difference E g. Due 
to its relative orientation the HOMO of the Z isomer is more destabilized 
(16: E HOMO = −5.50, 15: −5.11 eV) than that of the E isomer (16: E HOMO = 
−5.27, 15: −5.22 eV), resulting in a smaller HOMO–LUMO gap and hence a 
more negative σ Para ((Z )-15: −551.8, E : −534.0 ppm). 
The fused phosphiranes 16 are much less shielded than parent 
phosphirane 13b' (cf. (Z )-16: σ = 467.8, 13b': 550.4 ppm, see Figure 3) as 
a result of their higher HOMO energies ((Z )-16: −5.50 vs 13b': −5.99 eV), 
which leads to smaller gap energies and consequently to stronger 
paramagnetic deshieldings. 
In summary, the low-field 31P chemical shift of (Z )-6 as compared to the 
E isomer is caused by (1) the reduced P pyramidalization of the Z isomer 
due to steric interactions with the central bridge methyl groups and (2) the 
stronger interaction of the double bond with the phosphorus lone pair in 
the Z isomer. 
 
Figure 4. Correlation diagram for 16 and 15, with MO energies and gap energies E g (eV). 
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6.2.5 Ring Strain 
For comparison of the ring strain in 6 and 11, we used the uncomplexed 
annellated methylphosphirane 6b' as model compound. The reaction 
enthalpies of homodesmotic reactions[25] (1)–(3) were calculated at the 
G3(MP2)//B3LYP/6-31G(d) level of theory.[26,27] The calculated strain 
energy of 42.7 kcal mol−1 for 11 is in excellent agreement with previous 
experimental estimates of 40−45 kcal mol−1,[28] while the annellated 
phosphirane (E )-6b' has a larger ring strain energy of 53.9 kcal mol−1. The 
phosphirane ring apparently introduces 11.2 kcal mol−1 extra ring strain, 
which is, however, half of that calculated for the parent phosphirane 
C2H4PH.[25b] The modest contribution of the CCP ring to the strain energy of 
6b' is partly due to the release of 4.7 kcal mol−1 olefin strain in 6b' 
(reactions (1) versus (3)),[29] which compares well with the 5.3 kcal mol−1 
olefin strain reported for cyclobutene.[25b] 
At this level of theory (Z )-6b' is 4.7 kcal mol−1 less stable than the 
(E )-6b' isomer due to the steric interactions between the P–methyl and the 
bridgehead methyl groups. For complexed 6, this energy difference is 
largely offset by similar interactions with the W(CO)5 group in the E isomer. 
In fact, (E )-6b is favored over the Z isomer by only 0.5 kcal mol−1 at the 
BP86/TZP level. 
  ΔrH (kcal mol−1) 
(1) 
 
+ 2 + 5 4 + 2
 
11 
42.7 
 
(2) 
 
Me
P + PH+ 2+ 6 2 + 2
HP
+ 2 P+
 
6b' 
Z 58.6 
E 53.9 
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+ + 6 2 + 2 + 2
 
17 
38.0 
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6.2.6 Steric Congestion of the Substrate 
Substrates with two double bonds can give both single and double 
phosphinidene addition,[4b,30] but only the monoadducts were obtained in 
the case of HMDB (11). We ascribe this to the steric congestion of the 
double bonds. Indeed, when we used instead of 5 the CuCl catalyzed 
reaction with the “classical” phosphinidene precursor 4,[5] only 23% 
conversion to 6a (Z/E 5:1) was observed under similar reaction conditions. 
Several byproducts were formed, most notably diphosphene (15%) and 
triphosphirane (6%), which are known decomposition products of 4 in the 
absence of a substrate.[31] Reaction at room temperature with a fivefold 
excess of 11 and 5% CuCl did not improve the conversion. These 
observations are consistent with the proposed intermediacy of a 
phosphinidene–CuCl species,[6,3,4a,b] which is sterically more demanding 
than the ‘free’ phosphinidene generated without the Cu(I) catalyst. Thermal 
decomposition of 4 at 110 °C with a fivefold excess of 11 afforded a 
cleaner reaction,[32] but still only 31% conversion to (Z )-6a was obtained. 
The small amount of E isomer that was also observed during the course of 
the reaction was not stable at the reaction temperature. These results 
signify the steric congestion in substrate 11 and the suitability of 
benzophosphepine 5 as low-temperature precursor of ‘free’, transient 
phosphinidenes. 
6.2.7 Second Cycloaddition 
Products 6a,b still contain a (hindered) double bond and we were tempted 
to expand the annellated system with a subsequent cycloaddition (Scheme 
2). Reaction of 6a or 6b with the corresponding benzophosphepine 5 (a: 65 
°C, b: 75 °C) only resulted in decomposition of the precursor.[7b] Clearly, the 
double bond in 6 is not accessible for phosphinidene addition. The crystal 
structure of 6a shows that the central methyl groups (C9 and C12) are 
tilted toward the double bond, which is in accordance with the observed 
reduced accessibility. 
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We reasoned that addition of the smaller singlet methylene H2C: might 
be possible to afford cyclopropane derivative 18. The use of the Simmons–
Smith carbenoid [IZnCH2I], conveniently generated from diiodomethane and 
diethylzinc in hexane,[33] was an obvious choice. But whereas 11 was fully 
converted by excess carbenoid to a mixture of mono- and bisadduct (7a 
and 8a, Scheme 3), no addition was observed for (Z )-6a. Instead 
epoxidation with MCPBA in analogy to the generation of 7b and 8b[10] was 
more successful. Thus, reaction of (Z )-6a with a threefold excess of MCPBA 
resulted in 42% (by NMR) of tetracyclic 19 (δ P = −69.9 ppm).[34] The 
presence of an epoxide ring in this complex 19 was established by 
multinuclear NMR; the spectra indicate that C s symmetry is retained. In this 
complex the vinylic carbon resonance of (Z )-6a (146.5 ppm) is replaced by 
one at 73.1 ppm, which is typical for epoxides (cf. 7b: 75.1, 8b: 68.6 
ppm[10c]). The presence of an exo-epoxide ring proposed in analogy to 7b 
and 8b is corroborated by 2D NOESY. The correlation of the central 
bridgehead Me groups (at C3/6) with those at C4/5 (epoxide) is weaker 
than for starting material (Z )-6a. This is consistent with their increased 
Scheme 2. Reactivity of 6 ([M] = W(CO)5). 
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distance in 19, whereas in endo-epoxide 20 these methyl groups would be 
nearer to each other than in (Z )-6a. Additionally, an interaction is observed 
between the methyl groups of the phosphirane ring and those of the 
epoxide ring, which would be absent for 20. Finally, we calculated 31P NMR 
chemical shifts at the BP86/TZP level[20] for epoxides 19 and 20 of δ Calc = 
−68.7 and −88.8 ppm, respectively (σ Calc = 325.9, 345.9 ppm). That of 19 
is in excellent agreement with the experimentally observed 31P NMR 
chemical shift of −69.9 ppm. 
6.3 Conclusions 
Tricyclic exo-phosphiranes 6 have been synthesized by phosphinidene 
addition to 11. Benzophosphepine 5 is a suitable phosphinidene precursor 
for such sterically hindered substrates. The large difference in 31P NMR 
chemical shift of (Z )- and (E )-6 is found to be due to a combination of 
steric congestion around the phosphorus atom and electronic interaction of 
the (coordinated) phosphorus lone pair with the double bond in the Z 
isomer, both of which cause NMR deshielding relative to the E isomer. The 
remaining double bond is unreactive toward further 1,2-addition by 
phosphinidene or methylene species but can be epoxidized with MCPBA to 
a tetracyclic P,O bisadduct. 
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6.4 Experimental 
All reactions were carried out under nitrogen using standard Schlenk techniques. 
Hexamethyl Dewar benzene (11), dichloromethane (DCM), and 70% m-chloroper-
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benzoic acid (MCPBA) were used as received. Diethylzinc was purchased as a 1.0 M 
solution in hexanes. Toluene was distilled from sodium. The syntheses of benzo-
phosphepines 5a and 5b have been described elsewhere.[7] NMR measurements 
were performed (at 298 K) on a Bruker Avance 250 (1H, 13C, 31P) or a Bruker Avance 
400 (1H, 13C, 2D spectra). NMR chemical shifts are internally referenced to the 
solvent for 1H (CHCl3: 7.26, C6HD5: 7.16 ppm) and 13C (CDCl3: 77.16, C6D6: 128.06 
ppm),[35] and externally for 31P to 85% H3PO4. Infrared spectra were recorded on a 
Mattson-6030 Galaxy Series FT-IR spectrometer, and GC-MS spectra on a HP 5890 
Series II GC (column BP5 25 m, 0.25 mm ID) with a HP 5971 Series MS unit. High-
resolution mass spectra (HR-MS) were measured on a Finnigan Mat 900 mass 
spectrometer operating at an ionization potential of 70 eV. The elemental analysis 
of (Z )-6a was performed by the Microanalytical Laboratory of the Laboratorium für 
Organische Chemie, ETH Zürich. Melting points were measured on samples in 
unsealed capillaries and are uncorrected. 
(Hexamethyl-3-phenyl-3-phosphatricyclo[3.2.0.02,4]hept-6-en-3-yl)-
pentacarbonyltungsten (6a) 
Procedure A: 5a (125.95 mg, 225 μmol) and 11 (90.9 μL, 450 μmol) were dissolved 
in toluene (2.25 mL), and heated to 55 °C for 4½ days. 31P NMR spectroscopy 
showed complete conversion to 6a (Z /E 1.1:1). Volatiles were evaporated and the 
crude product was purified by column chromatography over silica gel eluting with 
pentane, yielding a white solid (80.8 mg, 136 μmol, 60%). The Z isomer could be 
separated from the E by column chromatography over silica gel eluting with 19:1 
pentane/DCM, followed by fractional crystallization from hexane at −20 °C. 
(Z )-6a: Colorless crystalline solid, mp ≥ 145 °C (decomp.); 31P{1H} NMR (101.3 
MHz, CDCl3): δ −63.0 (1J PW = 250.3 Hz); 13C{1H} NMR (100.6 MHz, CDCl3): δ 199.7 
(d, 2J CP = 27.2 Hz, COax), 196.7 (d, 2J CP = 7.9 Hz, COeq), 146.5 (d, 3J CP = 4.6 Hz, 
=C), 137.6 (d, 1J CP = 17.2 Hz, ipso-Ph), 133.1 (d, 2J CP = 11.3 Hz, o-Ph), 129.6 (d, 
4J CP = 2.0 Hz, p-Ph), 127.9 (d, 3J CP = 9.4 Hz, m-Ph), 54.3 (d, 2J CP = 7.8 Hz, PCC ), 
49.3 (d, 1J CP = 18.0 Hz, PC), 15.5 (d, 2J CP = 10.3 Hz, PCMe ), 11.4 (d, 3J CP = 2.9 Hz, 
PCCMe ), 11.0 (s, =CMe ); 1H NMR (250.1 MHz, CDCl3): δ 7.54 (ddd, 3J HP = 10.8, 3J HH 
Chapter 6 
110 
= 7.8, 4J HH = 1.6 Hz, 2H, o -PhH), 7.38–7.26 (m, 3H, m/p-PhH), 1.68 (d, 5J HP = 0.9 
Hz, 6H, =CMe), 1.51 (d, 3J HP = 16.4 Hz, 6H, PCMe), 0.84 (s, 6H, PCCMe); elem. 
anal.: calcd for C23H23O5PW (%): C 46.49, H 3.90, found: C 46.62, H 3.97; IR (KBr): ν 
= 2069.5 (m, COax), 1928.5, 1910.8 cm−1 (s/br, COeq); HR-MS: calcd for 
C23H23O5PW: 594.0793, found: 594.0795; m/z (%): 594 (2) [M ]+, 510 (1) [M − 3 
CO]+, 482 (1) [M − 4 CO]+, 454 (36) [M − 5 CO]+, 452 (41), 432 (14) [M − 11]+, 404 
(100) [M − 11 − CO]+, 376 (18) [M − 11 − 2 CO]+, 348 (92) [M − 11 − 3 CO]+, 320 
(31) [M − 11 − 4 CO]+, 292 (31) [M − 11 − 5 CO]+, 161 (15) [hexamethylbenzene 
(HMB) − H]+, 147 (37) [HMB − Me]+; R f (silica/pentane): 0.30. 
(E )-6a: 31P{1H} NMR (101.3 MHz, CDCl3): δ −126.9 (1J PW = 241.5 Hz); 13C{1H} 
NMR (100.6 MHz, CDCl3): δ 199.2 (d, 2J CP = 30.5 Hz, COax), 197.5 (d, 2J CP = 7.6 Hz, 
COeq), 143.2 (d, 3J CP = 6.7 Hz, =C), 139.6 (d, 1J CP = 28.0 Hz, ipso-Ph), 132.8 (d, 
2J CP = 9.2 Hz, o-Ph), 129.1 (d, 4J CP = 1.1 Hz, p-Ph), 128.9 (d, 3J CP = 8.3 Hz, m-Ph), 
55.1 (d, 2J CP = 4.7 Hz, PCC ), 44.9 (d, 1J CP = 15.5 Hz, PC), 13.3 (s, PCCMe ), 12.2 (d, 
3J CP = 7.2 Hz, PCMe ), 10.8 (s, =CMe ); 1H NMR (400.1 MHz, CDCl3): δ 7.37 (td, 3J HH 
= 7.4, 4J HP = 2.5 Hz, 2H, m-PhH), 7.31–7.25 (m, 3H, o/p-PhH), 1.68 (d, 5J HP = 1.2 
Hz, 6H, =CMe), 1.29 (s, 6H, PCCMe), 1.27 (d, 3J HP = 10.2 Hz, 6H, PCMe); R f 
(silica/pentane): 0.25. 
Procedure B: CuCl (1.2 mg, 12 μmol, 10%), complex 4a (81.4 mg, 137 μmol) and 11 
(24.5 μL, 121 μmol) were heated in toluene (0.4 mL) at 50 °C for 4½ h. 31P NMR 
spectroscopy of the resulting intensely red mixture indicated 23% conversion to 6a 
(Z /E 5:1), along with diphosphene (15%, δ P –18 (1J PW = 139, 1J PW = 103, 2J PW = 32 
Hz)), triphosphirane (6%, δ P –92 (dd, 1J PP = 215, 1J PP = 176 Hz), –119 (dd, 1J PP = 
176, 1J PP = 165 Hz), −129 ppm (dd, 1J PP = 215, 1J PP = 165 Hz)), and small amounts 
of other unidentified byproducts. 
Procedure C: CuCl (0.6 mg, 6 μmol, 5%), complex 4a (79.5 mg, 122 μmol) and 11 
(125 μL, 619 μmol) were stirred in toluene (1.5 mL) at room temperature for 10 
days. 31P NMR spectroscopy of the resulting intensely red mixture indicated 24% 
conversion to 6a (Z /E 8:1). 
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Procedure D: Complex 4a (37.3 mg, 57 μmol) and 11 (58 μL, 287 μmol) were 
dissolved in toluene (0.50 mL), and heated to 110 °C for 20 h. Conversion to 6a by 
31P NMR spectroscopy: 26% after 4 h (Z /E 7:1), 31% after 20 h (only Z ). 
(Heptamethyl-3-phosphatricyclo[3.2.0.02,4]hept-6-en-3-yl)pentacarbonyl-
tungsten (6b) 
5b (299 mg, 0.60 mmol) and 11 (303 μL, 1.50 mmol) were dissolved in toluene (5.0 
mL), and heated to 65 °C for 6 days. 31P NMR spectroscopy showed complete 
conversion to 6b (Z/E 1.4:1) with traces of byproduct at δ −21.0 and −125.7 (d, J = 
13.7 Hz), −23.4 and −150.7 (d, J = 14.4 Hz), which we ascribe to decomposition 
products of 5b in analogy with 5a.[7b] Volatiles were evaporated and the crude 
product was purified by column chromatography over silica gel eluting with 19:1 
pentane/toluene. The obtained off-white solid (0.211 g, 0.40 mmol, 66%) also 
contained 8% hexamethylbenzene, but we were unable to remove this impurity by 
column chromatography and crystallization. Z and E enriched fractions were 
obtained by prep-TLC eluting with 1% DEE in pentane. 
(Z )-6b: 31P{1H} NMR (101.3 MHz, C6D6): δ −87.1 (1J PW = 249.2 Hz); 13C{1H} NMR 
(100.6 MHz, C6D6): δ 198.7 (d, 2J CP = 26.2 Hz, COax), 197.0 (d, 2J CP = 8.0 Hz, COeq), 
144.2 (d, 3J CP = 4.7 Hz, =C), 55.9 (d, 2J CP = 6.9 Hz, PCC ), 45.7 (d, 1J CP = 14.1 Hz, 
PC), 16.1 (d, 1J CP = 4.7 Hz, PMe), 14.1 (d, 2J CP = 9.5 Hz, PCMe ), 12.8 (d, 3J CP = 3.0 
Hz, PCCMe ), 10.4 (s, =CMe); 1H NMR (400.1 MHz, C6D6): δ 1.37 (d, 5J HP = 0.9 Hz, 
6H, =CMe), 1.35 (d, 2J HP = 7.0 Hz, 3H, PMe), 1.17 (d, 3J HP = 15.8 Hz, 6H, PCMe), 
0.75 (s, 6H, PCCMe); R f (silica/pentane): 0.40. 
(E )-6b: 31P{1H} NMR (101.3 MHz, C6D6): δ −138.2 (1J PW = 241.1 Hz); 13C{1H} NMR 
(100.6 MHz, C6D6): δ 198.5 (d, 2J CP = 28.7 Hz, COax), 198.0 (d, 2J CP = 7.7 Hz, COeq), 
143.3 (d, 3J CP = 6.7 Hz, =C), 54.1 (d, 2J CP = 4.0 Hz, PCC), 43.1 (d, 1J CP = 11.1 Hz, 
PC), 16.7 (d, 1J CP = 15.8 Hz, PMe), 11.7 (d, 3J CP = 6.6 Hz, PCCMe ), 10.5 (s, =CMe ), 
9.80 (s, PCMe ); 1H NMR (400.1 MHz, C6D6): δ 1.40 (d, 5J HP = 1.3 Hz, 6H, =CMe), 
1.14 (s, 6H, PCCMe), 0.89 (d, 3J HP = 9.9 Hz, 6H, PCMe), 0.86 (d, 2J HP = 5.4 Hz, 3H, 
PMe); HR-MS: calcd for C18H21O5PW: 532.06359, found: 532.06547; m/z (%): 532 
(4) [M ]+, 504 (2) [M − CO]+, 476 (1) [M − 2 CO]+, 448 (2) [M − 3 CO]+, 433 (5) [M − 
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Me − 3 CO]+, 390 (8), 377 (9) [M − Me − 6 CO]+, 370 (11) [M − 11]+, 342 (41) [M − 
11 − CO]+, 314 (12) [M − 11 − 2 CO]+, 286 (7) [M − 11 − 3 CO]+, 258 (4) [M − 11 
− 4 CO]+, 162 (56) [HMB]+, 147.1 (100) [HMB − Me]+; R f (silica/ pentane): 0.35. 
(1-Methylphosphiran-1-yl)pentacarbonyltungsten (13b)[16] 
4b (100 mg, 0.17 mmol) in toluene (2 mL) was transferred to a 5 mL pressure 
chamber. A suspension of a little CuCl in toluene (1 mL) was added and the channel 
was rinsed with 1 mL toluene. 65 bar ethylene pressure was applied and the 
solution was stirred for a night at 40 °C, after which the yellow color had paled. The 
solution was removed from the chamber, the solvent was evaporated and the light 
brown residue was purified by chromatography and sublimation to give a white 
solid (50 mg, 0.13 mmol, 74%). 31P NMR (CDCl3): δ −199.3 (1J PW = 254.1 Hz); 13C 
NMR (CDCl3): δ 196.0 (d, 2J CP = 8.4 Hz, COeq), 17.3 (d, 1J CP = 15.8 Hz, PMe), 9.1 (d, 
1J CP = 10.8 Hz, CH2), COax could not be observed; 1H NMR (CDCl3): δ 1.38 (d, 2J HP = 
7.5 Hz, 3H, PMe), 1.09–1.35 (m, 4H, CH2); IR (KBr): ν = 2074.3 (m, COax), 1929.7 (s, 
COeq), 1101.3 (w), 1023.2 (w), 948.0 (w), 597.9 (w), 572.8 cm−1 (w); HR-MS: calcd 
for C8H7PO5W: 397.95410, found: 397.95462; m/z (%): 398 (45) [M ]+, 370 (8) [M − 
CO]+, 286 (100) [M − 4 CO]+, 256 (76), 228 (56), 43 (86). 
Methylene Addition to 11 
Diethylzinc (2.48 ml, 2.48 mmol) was added to 11 (100 μL, 495 μmol) in hexane 
(10 mL) at 0 °C. Diiodomethane (166 μl, 1.98 mmol) was added dropwise under 
formation of a white precipitate. The mixture was warmed to 45 °C for 3 d, then 
purified by aqueous workup with saturated ammonium chloride. GC-MS analysis 
(injector 140 °C; oven 40–230 °C at 5–14.5 min) showed no trace of starting 
material. A mixture of mono- and bisadduct (3:1) was obtained as a colorless oil 
(76 mg, 85%). The spectroscopic data of the adducts are consistent with those 
reported in the literature.[9a,c] 
Monoadduct 7a: 13C{1H} NMR (62.9 MHz, CDCl3): δ 143.3 (=C), 53.0 (CH2CC ), 
36.6 (CH2C ), 28.5 (CH2), 12.8 (CH2CMe ), 11.1 (CH2CCMe ), 10.3 (=CMe ); 1H NMR 
(250.1 MHz, CDCl3): δ 1.62 (s, 6H, =CMe), 1.08 (s, 6H, CH2CMe ), 0.80 (s, 6H, 
CH2CCMe ), 0.89 and 0.25 (d, 2H, 2J HH = −4.3 Hz, CH2); GC-MS: t = 12¾ min; m/z 
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(%): 176 (4) [M ]+, 161 (100) [M − Me]+, 146 (8) [M − 2 Me]+, 133 (39), 119 (41), 107 
(52), 105 (39), 91 (49), 79 (17), 77 (24), 65 (12), 63 (7), 53 (16), 51 (13), 41 (23), 
39 (35). 
Bisadduct 8a: 13C{1H} NMR (62.9 MHz, CDCl3): δ 52.1 (CH2CC ), 32.3 (CH2C ), 27.3 
(CH2), 13.5 (CH2CMe ), 11.4 (CH2CCMe ); 1H NMR (250.1 MHz, CDCl3): δ 1.30 (s, 
12H, CH2CMe ), 0.64 (s, 6H, CH2CCMe ), 0.54 and −0.15 (d, 4H, 2J HH = −3.6 Hz, 
CH2); GC-MS: t = 14 min; m/z (%): 190 (1) [M ]+, 175 [M − Me]+, 161 (11), 147 (31), 
133 (100), 119 (67), 105 (50), 93 (17), 91 (61), 79 (24), 77 (31), 67 (11), 65 (15), 
53 (26), 41 (41), 39 (45). 
Attempted Phosphinidene Addition to 6a 
5a (17.04 mg, 30.4 μmol) and (Z )-6a (14.63 mg, 24.6 μmol) were dissolved in 
toluene (0.50 mL), and heated to 65 °C for 3 h. 31P NMR spectroscopy showed only 
unreacted (Z )-6a and decomposition products of 5a at δ −7.2 and −119.9 (d, J = 
11.8 Hz), −8.7 and −128.2 (d, J = 14.3 Hz), −15.9 and −123.7 (d, J = 11.5 Hz).[7b] 
Attempted Phosphinidene Addition to 6b 
5b (12.43 mg, 25.0 μmol) and 6b (14.27 mg, 26.8 μmol) were dissolved in toluene 
(0.50 mL), and heated to 75 °C for 3 h. 31P NMR spectroscopy showed only 
unreacted 6b and signals at δ −22.7 and −127.4 (d, J = 13.7 Hz), −25.0 and 
−152.4 (d, J = 14.5 Hz), which we ascribe to decomposition products of 5b in 
analogy with 5a.[7b] 
Attempted Methylene Addition to 6a 
Diethylzinc (0.10 mL, 100 μmol) was added to (Z )-6a (11.95 mg, 20.1 μmol) in 
hexane (1.0 mL) at 0 °C. Diiodomethane (6.6 μL, 81.6 μmol) was added slowly 
under formation of a white precipitate. The mixture was stirred at 25 °C for a week, 
then purified by aqueous workup with saturated ammonium chloride. 31P and 1H 
NMR spectroscopy showed only unreacted (Z )-6a. 
Epoxidation of 6a 
MCPBA (10 mg, 41 μmol) in DCM (3 mL) was dried on magnesium sulfate, filtered, 
and added dropwise to a solution of (Z )-6a (7.8 mg, 13 μmol) in DCM (2 mL) at 0 
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°C. After 15 min, the mixture was stirred for 30 min at 25 °C. The modest stability 
of the W(CO)5 moiety in DCM precludes extensive reaction times. After evaporation, 
the faintly yellow residue was redissolved in pentane and washed 5 times with ~3 
mL water. Evaporation of the solvent afforded 6.9 mg of a white solid, which 
consisted of 47% unreacted (Z )-6a, 42% 19, and 11% of an unidentified byproduct 
at δ P = 45.8 ppm. 
19 (from the mixture): 31P{1H} NMR (101.3 MHz, C6D6): δ −69.9 (1J PW = 260.1 
Hz); 13C{1H} NMR (100.6 MHz, C6D6): δ 196.7 (d, 2J CP = 8.0 Hz, COeq), 137.3 (d, 1J CP 
= 17.6 Hz, ipso-Ph), 133.3 (d, 2J CP = 11.8 Hz, o-Ph), 130.0 (d, 4J CP = 2.0 Hz, 
p-Ph), 127.9 (m-Ph, buried under the solvent signal), 73.1 (d, 3J CP = 5.9 Hz, OC), 
60.6 (d, 2J CP = 7.3 Hz, PCC ), 45.2 (d, 1J CP = 16.3 Hz, PC), 16.0 (d, 2J CP = 10.7 Hz, 
PCMe ), 11.8 (s, OCMe ), 11.3 (d, 3J CP = 3.4 Hz, PCCMe ), COax could not be 
observed; 1H NMR (400.1 MHz, C6D6): δ 7.28 (ddd, 3J HP = 10.9, 3J HH = 7.4, 4J HH = 
1.9 Hz, 2H, o-PhH), 6.89–6.82 (m, 3H, m/p-PhH), 1.42 (d, 3J HP = 17.2 Hz, 6H, 
PCMe), 1.28 (s, 6H, OCMe), 0.76 (s, 6H, PCCMe); HR-MS: calcd for C23H23O6PW: 
610.0742, found: 610.0712. 
Crystal Data for (Z )-6a 
C23H23O5PW, Fw = 594.23, colourless needle, 0.48 × 0.18 × 0.03 mm, triclinic, P1 ̅ 
(no. 2), a = 7.62343(14), b = 11.8399(3), c = 13.0811(3) Å, α = 77.816(1)°, β = 
82.605(1)°, ɣ = 85.718(1)°, V = 1143.14(4) Å3, Z = 2, D x = 1.726 g cm−3, μ = 5.15 
mm−1. 25262 Reflections were measured on a Nonius KappaCCD diffractometer 
with rotating anode (graphite monochromator, λ = 0.71073 Å) up to a resolution of 
(sin θ/λ )max = 0.65 Å−1 at a temperature of 150 K. Intensities were integrated with 
EvalCCD[36] using an accurate description of the experimental setup for the 
prediction of the reflection contours. An absorption correction based on multiple 
measured reflections was applied using the program SADABS[37] (0.44–0.86 
correction range). 5230 Reflections were unique (R int = 0.0285). The structure was 
solved with the program DIRDIF-99[38] using automated Patterson Methods and 
refined with SHELXL-97[39] against F 2 of all reflections. Non hydrogen atoms were 
refined with anisotropic displacement parameters. All hydrogen atoms were 
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introduced in calculated positions and refined with a riding model. 277 Parameters 
were refined with no restraints. R1/wR2 [I > 2σ (I )]: 0.0190/0.0407. R1/wR2 [all 
refl.]: 0.0228/0.0419. S = 1.040. Residual electron density between −1.17 and 
1.77 e Å−3. Molecular illustration, geometry calculations and checking for higher 
symmetry were performed with the PLATON program.[40] CCDC 636374 contains the 
supplementary crystallographic data for this chapter. These data can be obtained 
free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam. 
ac.uk/data_request/cif. 
Computational Methods 
31P NMR Chemical Shieldings. Hybrid density-functional theory geometry 
optimizations were carried out with ADF 2004.01 at the Becke 88–Perdew 86/TZP 
level,[20] using an integration accuracy of 6.0 and convergence criteria of 1•10−6 for 
the SCF and 1•10−4 for the geometry. Subsequently, a single-point SCF calculation 
was performed with the PBE functional, using a basis set of TZP (4d frozen) for W 
and ET-pVQZ for all other elements. The resulting wavefunction and potential were 
supplied to ADF’s EPR/NMR program to calculate the 31P chemical shielding. These 
values are relative to a bare P nucleus, and can be converted to chemical shifts δ 
relative to an appropriate reference system, for which we used phosphirane 
complex 13b (σ Calc = 456.4, δ Exp = −199.3 ppm) to obtain the relationship: 
δ Calc(adduct) = 257.1 ppm − σ Calc(adduct) (1) 
Reported shielding contributions are rounded to one, and BP86/TZP MO energies to 
two decimal places. 
Ring Strain Analyses. Structures were optimized with Gaussian 03[26] at the 
B3LYP/6-31G(d) level of theory using tight SCF and geometry convergence criteria 
and an ultrafine integration grid, and were verified as minima by frequency 
calculations. The strain energies were determined by calculating the 
G3(MP2)//B3LYP/6-31G(d) enthalpies at 298.15 K for the homodesmotic reactions. 
The size of (Z /E )-6b' required the use of a 64 bits implementation of G03. 
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Toward Cope-Dynamic Diphosphine Ligands 
Erik P.A. Couzijn, G. Bas de Jong, Amos Rosenthal, Wybe S. A. Vonk, 
J. Chris Slootweg, Marius Schakel, Andreas W. Ehlers, and 
Koop Lammertsma 
 
An unsaturated basket-like diphosphine complex is investigated by BP86 and 
SCS-MP2 calculations, showing that the ligand would readily undergo dynamic 
Cope rearrangement. The diphosphine, which may be of value in catalysis, is 
not prone to decomposition via phosphinidene retroaddition from its 
phosphirane moiety. We present a synthetic strategy involving 1,5-diphospha-
cyclooctadiene derivatives, but attempts at their formation by phosphine–allyl 
coupling failed. The use of allylic mono- or dianions is hampered by competing 
nucleophilic addition of the organolithium base. We also tried to ring-close the 
di-Grignard of a bis(3-chloroallyl)phosphine with PhPCl2, but metallation is far 
from complete due to the low reactivity of the vinylic chlorides. Further 
research is warranted, for example, with the 3-bromoallyl analogues. 
 
Chapter 7 
122 
7.1 Introduction 
Phosphine ligands play a major role in the area of transition metal catalysis 
and determine the reactivity and selectivity of the catalytic center.[1] 
Recently, our group reported diphos baskets such as 1 and 2 that were 
obtained by intramolecular phosphinidene addition.[2] We are currently 
interested in the analogous compounds 3, which would be able to undergo 
a degenerate [3,3]-Cope rearrangement that interconverts the phosphirane 
and phosphine moieties. This concept might prove valuable in catalysis, as 
the interchange of the steric and electronic environments of the 
coordinating phosphorus atoms will affect the shape of the active site as 
well as the strengths of the other coordinative bonds, especially those 
trans to the phosphorus centers. 
Mathey et al. reported that while synthesizing 4 by phosphinidene addi-
tion to cyclopentadiene, they observed subsequent conversion to tetracyclic 
product 5 (Scheme 1).[3] Proposedly, 4 undergoes a [3,3]-phospha-Cope 
rearrangement to a phosphaalkene, which then adds another molecule of 
cyclopentadiene. Several other examples of phospha-Cope rearrangement 
exist,[4] but these do not involve a phosphirane as in 3. Structurally related 
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Scheme 1. Proposed formation of 5 via [3,3]-phospha-Cope 
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9-phosphabarbaralane 6, its oxide, and some related phosphonium salts 
are also known,[5] but their Cope rearrangement does not affect the 
phosphorus moiety. A theoretical study predicted that tetraphospha-
barbaralane 7 would be bishomoaromatic, i.e., the delocalized structure is 
the ground state instead of the transition state for Cope rearrangement.[6] 
Here we present a computational study on the ability of diphosphine 
complexes 3 to undergo a Cope rearrangement. Their possible 
decomposition via phosphinidene retroaddition is also investigated. We 
then propose a general synthetic approach to these bicyclic compounds. 
Unfortunately our synthetic efforts were unfruitful, but for completeness 
we describe three attempted routes toward complexes 3. One of the routes 
makes use of a primary phosphine-borane complex as a convenient 
phosphorus building block. 
7.2 Results and Discussion 
7.2.1 Calculations 
The Cope rearrangement of diphos baskets 3 should be readily accessible 
to be of practical use, and therefore we calculated the barrier for this 
process.[7] Computations on complexes such as 3 are only practicable using 
density functional theory, but DFT often underestimates barrier heights.[8,9] 
Recently, Goumans et al. showed that rather accurate reaction and 
activation energies for pericyclic reactions are obtained using SCS-MP2,[9] a 
modification of MP2 theory in which the spin-parallel and spin-antiparallel 
components of the correlation energy are scaled by 6/5 and 1/3, 
respectively.[10] We therefore validate our DFT method (BP86/TZP)[11] by 
comparison with SCS-MP2 theory (employing a 6-311++G(3df,3pd) basis 
set)[12] for the Cope barriers of homotropilidene (A, X = CH2) and diphospha 
analogues B (X = PH, H atoms exo ) and C (X = PMe, Me groups exo ) 
(Scheme 2, Table 1). 
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Homotropilidene can adopt a chairlike (chair-A) or a boatlike 
conformation (boat-A), with a very low interchange barrier (SCS-MP2: 2.2, 
BP86: 2.5 kcal mol−1). In an elegant dynamic NMR study, Kessler and Ott 
have shown that the Cope rearrangement takes place from the thermally 
slightly less stable “boat” conformation, with an experimental barrier of 
ΔH ‡ = 12.3 kcal mol−1 relative to the “chair” conformation.[13] This 
compares well with the calculated Cope barriers of 13.6 and 10.0 kcal 
mol−1 at the SCS-MP2 and BP86 level, respectively. We note that BP86 
affords a very shallow minimum for boat-A that is virtually equal in energy 
to the “chair”–“boat” transition state. Turning to diphospha analogue B, we 
observe that the “boat” conformation is instead favored over the “chair” by 
0.8 kcal mol–1 at SCS-MP2, with a barrier for their interconversion of only 
1.5 kcal mol–1. At the BP86 level, the ring-flip barrier has vanished and no 
minimum could be localized for chair-B. More importantly, the Cope barrier 
is raised significantly to 21.4 at the SCS-MP2 and to 22.0 kcal mol−1 at the 
BP86 level. These results are in close mutual agreement, and therefore we 
Scheme 2. “Chair”–“boat” interchange and Cope rearrangement of homotropilidene 
(A, X = CH2) and diphospha analogues B (X = PH) and C (X = PMe). 
X
X
X
X
XX
XX
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chair-A–C flip-A–C‡ boat-A–C Cope-A–C‡  
Table 1. Calculated SCS-MP2a and DFTb relative 
energies (kcal mol−1) for A, B, and C. 
 Method ΔE chair ΔE ‡flip ΔE boat ΔE ‡Cope
A  SCS-MP2 0.0 2.2 1.6 13.6 
 BP86 0.0 2.5 2.5 10.0 
B SCS-MP2 0.8 1.5 0.0 21.4 
 BP86 – – 0.0 22.0 
C BP86 – – 0.0 18.8 
a SCS-MP2/6-311++G(3df,3pd). b BP86/TZP. 
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expect to obtain reliable DFT results for complexes 3 as well. Finally, 
analogue C contains two methyl-substituted phosphorus centers, which 
lowers the barrier for the Cope rearrangement slightly from 22.0 (B) to 18.8 
kcal mol−1 (C) at the BP86 level.[14] 
As a model system for target 3 we use molybdenum tetracarbonyl 
complex D, with methyl groups on phosphorus and an unsubstituted ring 
system (Scheme 3). The minimum energy structure features localized 
carbon-carbon bonds (C1–C2 = 1.479, C2=C3 = 1.350 Å), while the 
calculated phosphirane C–C bond is somewhat longer than was found in 
the crystal structures of the related baskets 2 (1.568 vs 1.526 (2b), 1.525 Å 
(2c)).[2b] The P–Mo–P bite angle of 78.5° is very similar to that of 2b (76.2°) 
and 2c (77.6°). The bridging metal center facilitates the delocalized Cope 
transition state Cope-D‡ and reduces the barrier for rearrangement to only 
+11.8 kcal mol−1, which is considerably less than for the uncomplexed 
parent system C (18.8 kcal mol−1). This is a result of the closer geometric 
resemblance between the ground state and the Cope transition state of the 
molybdenum chelate, as shown by the P•••P distances of 3.172 (boat-D) 
and 3.069 Å (Cope-D‡) vs 4.262 (boat-C) and 3.180 Å (Cope-C‡)). In 
addition, the phosphirane C−C bond in boat-D of 1.568 Å is elongated as 
compared to that in boat-C (1.500 Å) as a result of the σ-bonding and 
π-backbonding to the metal center.[15] Thus the target diphosphines 3 are 
predicted to readily undergo Cope rearrangement within a practicable 
temperature range. 
Scheme 3. Cope rearrangement and phosphinidene extrusion of D, with BP86/TZP energies 
(kcal mol−1). 
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Another important aspect of compounds 3 is their possible thermal 
decomposition via extrusion of a phosphinidene from the phosphirane 
moiety, which in the case of D would give transient species E. It should be 
noted that the reverse route – intramolecular phosphinidene addition to a 
phospha-heterocyclic ligand – was used for synthesizing the highly stable 
baskets 1 and 2.[1] In the next section, we will discuss the drawbacks of this 
route for the synthesis of 3. Figure 1 shows the results of a linear transit 
calculation, in which the distance r between the phosphirane P atom and 
the midpoint of the C–C bond was increased from its equilibrium value of 
1.701 Å to 3.001 Å. During the first part of the dissociation trajectory, both 
phosphirane P–C bonds lengthen by equal amounts and C s symmetry is 
retained. At r = 2.051 Å the mechanism becomes asymmetric as one of the 
phosphirane P–C bonds is cleaved while the phosphorus atom veers 
towards the other C atom with its methyl substituent pointing inward. 
Similar trajectories have been reported for phosphinidene iron complexes 
and for carbenes in their addition to ethylene.[16] Wit et al. calculated a +22 
kcal mol−1 reaction energy for the extrusion of HP=Fe(CO)4 from the 
corresponding unsubstituted phosphirane complex.[16a] In the case of D, 
the complete dissociation of one phosphinidene moiety is calculated to be 
 
Figure 1. Energy profile for phosphinidene extrusion from D. 
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close to +30 kcal mol−1 endothermic, and therefore we expect that the 
thermal stability of Cope-diphosphine complexes 3 will be sufficient for 
their synthesis and application. 
7.2.2 Synthetic Strategy 
Diphos baskets 1 and 2 were synthesized by the 1,2-
addition of a phosphinidene to a cyclic phosphine ligand 
attached to the same metal center.[1] Formation of the 
phosphirane moiety in 3 in a similar fashion would 
require a phosphepine as the substrate ligand. However, 
phosphepines readily undergo electrocyclic ring closure 
to a phosphanorcaradiene, followed by retroaddition to 
give benzene and the highly reactive, transient phosphi-
nidene.[17] Hitherto, the only known stable monocyclic phosphepine is 8, 
reported by Märkl et al.[17c] in 1984, which was obtained in rather low yield. 
Dibenzannellated species 9 is less prone to phosphinidene extrusion,[18] 
but is unsuitable for our purposes as the resulting diphosphine basket 
would not be able to undergo the Cope rearrangement. 
Phosphiranes can also be constructed by intramolecular C–C bond 
formation of a bis(alkylidene)phosphorane intermediate, as shown for 
dibenzylphosphines in Scheme 4.[19] A similar approach to the desired 
Cope-diphosphines F would require tetrahydro-1,5-diphosphocynes G as 
reactant, which in turn might be constructed from two phosphine and two 
allylic fragments (Scheme 5). The presence of phenyl substituents on the 
allylic carbon atoms of G would be desirable for the required dilithiation 
step. As an added advantage, phenyl substitution is expected to favor the 
Cope rearrangement in the target systems 3, as has been found for 
1,5-hexadienes (cf. 1,5-hexadiene-d 2: ΔH ‡ = 33.5, rac-(E,E )-1,3,4,6-
tetraphenyl-1,5-hexadiene: 21.3 kcal mol−1).[20] 
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The chemistry of cyclic diphosphines is relatively unexplored.[21] In 
1998, Taylor et al.[21a,b] synthesized a number of saturated cyclic and 
bridgehead-bicyclic diphosphines, among which eight-membered rings 10. 
Fully unsaturated 1,5-diphosphocyne 11 was reported by Schmidbaur and 
Gamper in 1992;[21d] both phosphorus atoms in this compound are in the 
formal +5 oxidation state. We are unaware of any partly unsaturated 
analogues of 10 and therefore set out to construct such novel systems that 
can be converted to targets 3. 
7.2.3 Via an Allylic Carbanion 
Scheme 6 summarizes the attempted synthetic route toward diphospho-
cynes 14, starting from (E )-1,3-diphenylpropene (12)[22] that is easily 
deprotonated (pK Cs = 27.9).[23] Both phosphorus atoms are to be inserted 
by nucleophilic addition of two allylic anions onto PhPCl2. Of course, 
Scheme 4. Phosphirane formation by intramolecular ring closure 
(R = Bn, tBu). 
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Scheme 5. Retrosynthetic analysis for Cope-diphosphines. 
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formation of six-membered ring system 15 might be kinetically favored, 
but we were hopeful that ring closure to 14 would be competitive or even 
preferable due to the steric congestion around the C1 and C1' atoms. 
Treatment of 12 with n-butyllithium in THF and reaction with PhPCl2 
gave a diastereomeric mixture of diallylic phosphines 13a as an off-white 
sticky foam. The major product is unsymmetrically substituted (i.e., 
enantiomers (R,R ) and (S,S )), but the overlap and the complex coupling of 
the NMR resonances hinder further characterization. Also, 13a converts 
within days to several phosphines (δ P = 44–39 and 21.3 ppm).[24] Borane 
complex 13b was isolated as a stable, pale yellow solid, but further 
purification by column chromatography failed. Tungsten complex 13c was 
purified without complications, affording 60% of a yellow oil whose 
composition was confirmed by NMR spectroscopy.[25] 
Double deprotonation of the diallylic phosphine is crucial for the 
proposed conversion to 14. To test this approach, we treated 13b with 2 
equivalents of nBuLi and quenched the resulting deep red colored mixture 
with MeOD. After workup, NMR and GC-MS analysis signified partial loss of 
the borane group as well as addition of butyllithium, which is well-known 
for conjugated double bonds.[26] The strong, non-nucleophilic base lithium 
2,2,6,6-tetramethylpiperidine (LiTMP, pK Li = 37.3)[27] converted 12 to 13a 
without complications. Treatment of 13a with 2 equivalents of LiTMP in 
THF at 0 °C afforded a deep purple-red colored mixture, but reaction with 
PhPCl2 gave back the starting material 13a and PhPCl–TMP (δ P = 126.6 
ppm) instead of the desired 14. 
We decided to discontinue this route because of the difficult purification 
and analysis of the intermediate products and their problematic 
dilithiation. 
7.2.4 Via Dilithiated Allylbenzene 
We subsequently investigated the possibility of using a dilithiated propene 
derivative as the allylic synthon. Di- and even trimetallation of alkenes by 
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butyllithium in TMEDA has been reported.[29] For example, Klein and 
Medlik-Balan[29c] observed the dilithiated species of allylbenzene by 1H NMR 
spectroscopy, for which Streitwieser[29d] proposed a structure with two π-
bridged lithium ions (16 in Scheme 7). Recently, the first X-ray crystal 
structure was reported of a dilithiated allylsilane showing a similar 
coordination.[30] 
We monitored the dilithiation of allylbenzene over time in 
deprotonation-quenching experiments with methanol-d by GC-MS analysis 
of the products (Scheme 7), as the original article[29c] did not state reaction 
times or conversions. Partial isomerization occurred to give labeled Z- and 
E-propenylbenzene;[31] the degree of deuteration was estimated on the 
basis of the parent ion isotope patterns of the three isomers (Table 2). In 
TMEDA, monolithiation is fast and quantitative, but the second lithiation is 
much slower (15% after 3.5 h) and suffers from the competing nucleophilic 
Table 2. Degrees of allylbenzene deuteration and addition. 
Entry Base Solvent t (h) T (°C) %d 0 %d 1 %d 2 %Adductc 
1 nBuLi TMEDA 3.5 25 2(2) 84(5) 15(4) 18 
2 nBuLi TMEDA 7 25 1(1) 77(6) 22(6) 29 
3a nBuLi TMEDA/THF 3 −78–25 – 74(6) 26(6) 20 
4a,b nBuLi DEE 4 −78–25 85 14 – – 
5 tBuLi DEE 4 −78–25 1(1) 92(3) 7(3) – 
a The amount of Z-propenylbenzene was too small to determine its degree of deuteration. 
b The amount of E-propenylbenzene was too small to determine its degree of deuteration. 
c GC conversion. 
Scheme 7. Allylbenzene deuteration experiments. 
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addition of nBuLi to the intermediate monolithiated species (already 18% 
after 3.5 h).[32] Both dilithiation and addition are accelerated in TMEDA/THF 
(26% and 20%, respectively, after 3 h). No addition occurs in DEE, but even 
the stronger base tBuLi affords only 7% dilithiation after 4 h, and the 
limited stability of organolithium bases in DEE prohibits extended reaction 
times.[33] Thus, selective and complete double lithiation of allylbenzene 
cannot be achieved, a prerequisite for its planned application in 
synthesizing cyclic diphosphines G. 
7.2.5 Via a Vinylic Grignard Reagent 
We returned to the concept of ring-closing a diallylic phosphine by 
nucleophilic addition to a dihalophosphine. We reasoned that the termini of 
the allylic chains should be converted to vinylic, localized carbanionic 
centers to ensure the desired regiochemistry. Such an approach prohibits 
the formation of a six-membered ring that we anticipated in the case of 
allylic, delocalized carbanionic centers (i.e., 14 vs 15, Scheme 6). This can 
be done by metallation of a diallylic phosphine with (Z )-halide substituents 
on its terminal vinylic positions (e.g. 18, Scheme 8); addition of the 
resulting di-Grignard species to PhPCl2 under dilute conditions would 
afford intramolecular ring closure to 19. 
Primary phosphine-borane complex 17 was prepared in almost 
quantitative yield and purity by lithium borohydride reduction of PhPCl2.[34] 
The byproducts, B2H6 and LiCl, are readily removed by evaporation and 
extraction, and the resulting low-melting white solid is much easier to 
Scheme 8. Attempted ring formation via dimetallation of bis(3-chloroallyl)phosphine 18. 
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handle than uncomplexed phenylphosphine.[35] Reaction of dilithiated 17 
with (Z )-1,3-dichloropropene afforded phosphine-borane 18 as a pale 
yellow oil in 83% yield. The 1H NMR spectrum of 18 features a complicated 
but characteristic pattern at 3.0 ppm for the diastereotopic CH2 protons, 
consisting of an AB spin system with a geminal coupling of −14.5 Hz, 
further split by couplings with each vinylic proton and with the phosphorus 
atom. 
The second step involves metallation of the vinylic chlorides, which is 
generally rather difficult. Therefore, we treated 18 with the highly reactive 
Rieke magnesium colloid[37] in THF as an activating solvent.[38] The resulting 
deep purple Grignard solution was decolorized instantly when added 
dropwise to a dilute solution of PhPCl2. However, NMR analysis indicated a 
complex mixture with at least three different allylic groups. Most notable 
were sharp signals at δ P = 176.3 and −47.1 ppm, but attempts of further 
purification or characterization were fruitless. 
Coelho and Blanco generated the Grignard reagent of 1-chlorobutadiene 
using Mg/ZnCl2 entrained with 1,2-dibromoethane;[39] subsequent CuCN-
catalyzed reaction with a chlorosilane afforded silabutadienes in good 
yield. We applied these reaction conditions to 18, replacing the 
chlorosilane for dichlorophenylphosphine. However, the 31P NMR spectrum 
showed a large amount of unreacted PhPCl2 and various small signals; the 
desired product 19 could not be identified. 
We also tried to metallate 18 with excess sodium, followed by reaction 
with PhPCl2. Again a large amount of unreacted dichlorophenylphosphine 
was present according to 31P NMR spectroscopy, as well as at least four 
different types of phosphine-boranes.[40] 
7.2.6 Suggestions for Further Research 
The dibromo analogue of 18 would be more readily converted to a di-
Grignard reagent, but the required allyl source 1,3-dibromopropene is only 
available as an E/Z mixture.[41] Canonne et al.[42] recently claimed a regio- 
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and stereoselective synthesis of the Z isomer by treatment of propargyl 
alcohol with hydrogen bromide, but they did not describe the reaction 
conditions. Further investigations are warranted to put this into practice for 
the formation of tetrahydro-1,5-diphosphocynes G and the Cope-
diphosphine complexes 3. Alternatively, 18 might be converted to G via a 
Pd- or Ni-catalyzed coupling reaction similar to those reported recently by 
Beletskaya and coworkers[43] for chloro- and bromoalkenes with Ph2PH. 
Finally, Mimeau and Gaumont[45] recently reported the regio- and 
stereoselective hydrophosphination of alkynes with phosphine-boranes 
under microwave conditions, giving a high preference for the Z vinylic 
phosphine. Proposedly, 21 would then be formed from phosphine-borane 
20 (Scheme 9), which is readily accessible from PhPHLi•BH3 and propar-
gylbromide.[46] However, the concentration in the hydrophosphination 
reaction should be carefully tuned to promote cyclodimerization over 
oligomerization and it is unclear how this would influence the reaction. 
7.3 Conclusions 
BP86/TZP calculations suggest that unsaturated diphos baskets 3 would be 
well capable to undergo dynamic Cope rearrangement, which is facilitated 
by the bridging transition metal. Possible decomposition via phosphinidene 
retroaddition from the phosphirane moiety is predicted to be unimportant 
for the stability of 3. A general synthetic strategy to these diphosphines 
involves the combination of phosphine and allylic fragments to give 
tetrahydro-1,5-diphosphocynes G, followed by intramolecular ring closure. 
Unfortunately, our attempts to construct the unsaturated eight-membered 
ring systems G were unsuccessful. Their synthesis via phenyl-substituted 
Ph PH
H3B
2 Ph P P Ph
MW
H3B BH3
20 21 
Scheme 9. Possible hydrophosphination route. 
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allylic mono- or dianions was obstructed by the competitive nucleophilic 
addition of the organolithium base to the conjugated double bonds. 
Formation of G by ring-closing the di-Grignard of diallylic phosphine-
borane 18 with PhPCl2 failed due to the cumbersome metallation of the 
terminal (Z )-vinylic chlorine functionalities, even with the highly reactive 
Rieke magnesium colloid. Further research is warranted, as the concept of 
a dynamic bidentate ligand might prove valuable in catalysis. 
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7.4 Experimental 
Reactions were carried out under nitrogen or argon using standard Schlenk 
techniques. Toluene was distilled from sodium, tetrahydrofuran (THF) from sodium/ 
benzophenone, and diethyl ether (DEE), pentane and hexane from lithium aluminum 
hydride. 2-Phenylaldehyde of 90% purity and 2,2,6,6-tetramethylpiperidine (TMP) 
of 99% purity were used as received, lithium borohydride of 95% purity was stored 
and handled under nitrogen. n-Butyllithium was purchased as a 1.6 M solution in 
hexanes, t -butyllithium as a 1.5 M solution in pentane, and borane–dimethylsulfide 
as a 2 M solution in THF. NMR measurements were performed (at 298 K) on a 
Bruker Avance 250 or a Bruker Avance 400. NMR chemical shifts are internally 
referenced to the solvent for 1H (CHCl3: 7.26, THF: 3.59 ppm) and 13C (CDCl3: 77.16 
ppm), and externally for 31P to 85% H3PO4 and for 11B to BF3•OEt2. GC-MS spectra 
were recorded on a HP 5890 Series II GC (column BP5 25 m, 0.25 mm ID) with a HP 
5971 Series MS unit. High-resolution mass spectra (HR-MS) were measured on a 
Finnigan Mat 900 mass spectrometer operating at an ionization potential of 70 eV. 
Melting points were measured in unsealed capillaries and are uncorrected. 
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(E )-1,3-Diphenylpropene (12)[22] 
12 was synthesized according to a literature procedure, by aldol condensation of 
phenylethanal followed by in situ dehydration and deformylation. Phenylethanal 
(10.0 mL, 85.5 mmol) and KOH (5.09 g, 90.7 mmol) in absolute ethanol (35 mL) 
were refluxed for 4h. The clear red mixture was quenched with 165 mL water. The 
bright yellow suspension was extracted with three 75 mL-portions of DEE, washed 
with 10% NaOH and water (100 mL each), dried on magnesium sulfate and 
evaporated. The crude yellow thin oil (8.09 g) contained a small contamination 
according to GC-MS. Column chromatography (Al2O3/hexane) afforded 7.93 g 
colorless thin oil (40.8 mmol, 95%). 13C{1H} NMR (62.9 MHz, CDCl3): δ 140.3 (Cq), 
137.6 (Cq), 131.2, 129.4, 128.8 (2C), 128.6 (4C), 127.2, 126.31, 126.26 (2C), 39.5 
(CH2); 1H NMR (250.1 MHz, CDCl3): δ 7.37–7.12 (m, 10H, Har), 6.42 (AB, 3J trans = 
16.8 Hz, 1H, H1), 6.32 (ABX2, 3J trans = 16.8, 3J HH = 7.2 Hz, 1H, H2), 3.52 (d, 3J HH = 
7.2 Hz, 2H, H3); GC-MS m/z (%): 194 (100) [M ]+, 193 (60) [M − H]+, 179 (57), 178 
(44), 165 (29), 152 (11), 116 (73) [M − C6H6]+, 115 (94), 103 (12) [PhCH=CH]+, 91 
(40) [PhCH2]+, 89 (17), 77 (24) [C6H5]+, 65 (22), 63 (22), 51 (29); R f (Al2O3/ hexane): 
0.33. The compound was stored under N2 at −20 °C to avoid hydration by moisture. 
Bis((E )-1,3-diphenylallyl)(phenyl)phosphine (13a), Phosphine-borane 13b 
n-Butyllithium (1.70 mL, 2.72 mmol) was added dropwise to 12 (0.520 g, 2.68 
mmol) in THF (13 mL) at −30 °C. After stirring for 1.5 h, the deep purple reaction 
mixture was added dropwise via a capillary to dichlorophenylphosphine (185 μL, 
1.36 mmol) in THF (13 mL) at 0 °C; each drop was decolorized instantly. Volatiles 
were removed under vacuum, the pale yellow foamy residue was redissolved in DEE, 
and undissolved salts were removed by Whatman filtration. The pale yellow solution 
was treated with water (0.15 mL), dried on magnesium sulfate, filtered on a glass 
frit and evaporated to dryness to afford a crude off-white foam (0.69 g, 1.39 mmol, 
quantitative). 31P{1H} NMR (101.3 MHz, CDCl3): δ 11.2, 10.5, 8.9 (1.0:1.4:1.8); 1H 
NMR (400.1 MHz, CDCl3): δ 7.50–7.00 (m, Har), 6.64–6.33 (m, CH=), 6.26–6.14 (m, 
=CHPh), 4.18–4.10 (m, PCH), 3.93–3.88 (m, PCH); GC-MS m/z (%): 194 (100) 
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[PhCH2–CH=CHPh]+, 193 (57) [PhCH–CH=CHPh]+, 179 (58), 178 (43), 165 (31), 152 
(14), 116 (73), 115 (83), 89 (12), 78 (18), 77 (20), 63 (13), 51 (26). 
Alternatively, borane–dimethylsulfide (2.5 mL, 5 mmol, 2 eq) was added to 
freshly prepared 13a (2.5 mmol) in THF (40 mL). After 30 min, volatiles were 
removed and the pale yellow foam was extracted with toluene and evaporated to 
afford 13b as a pale yellow sticky oil that solidified upon standing (1.47 g, still 
contains toluene). Crude mp: 68–71 (reduction in volume, probably loss of borane), 
85.0–87.9 °C; 31P{1H} NMR (101.3 MHz, CDCl3): δ 31.5 (br. s); 1H NMR (250.1 MHz, 
CDCl3): δ 7.80 (t, 3J HH = 8.0 Hz, Har), 7.63–6.92 (m, Har), 6.75–6.56 (m, 
=CHPh/CH=), 6.50–6.25 (m, =CHPh/CH=), 6.12 (dd, 3J trans = 15.7, 4J HP = 3.1 Hz, 
=CHPh), 4.43 (dd, 3J HH = 15.1, 2J HP = 9.6 Hz, PCH), 4.29 (dd, 3J HH = 14.1, 2J HP = 9.6 
Hz, PCH), 4.2 (dd, 3J HH = 11, 2J HP = 9 Hz, PCH), 4.16 (dd, 3J HH = 12.8, 2J HP = 9.5 Hz, 
PCH); HR EI-MS: calcd for C36H34BP: 508.249, found: 508.249; m/z (%): 508 (0.2), 
301 (5) [M − BH3 − PhCHCH=CHPh]+, 252 (31), 194 (68), 179 (25), 115 (62), 91 
(100). No product could be recovered after gradient column chromatography using 
silica gel eluting with 9:1–1:1 pentane/DCM. 
Phosphine-tungsten Pentacarbonyl Complex 13c 
CH3CN•W(CO)5 (27.4 mg, 75 μmol) and freshly prepared 13a (27 mg, 55 μmol) in 
THF (0.75 mL) were heated for 24 h at 55 °C. 31P NMR spectroscopy of the reaction 
mixture showed the presence of six phosphine complexes at 32.7, 32.3, 30.2, 29.6, 
28.8, and 28.1 ppm.[25] The solvent was evaporated, and the pentane extract was 
purified by column chromatography using silica gel eluting with 3:1 pentane/DCM 
to afford a yellow oil (27 mg, 33 μmol, 60%). 31P{1H} NMR (162.0 MHz, CDCl3): δ 
31.7 (1J PW = 250.6 Hz, A), 28.8 (1J PW = 250.5 Hz, B), 27.6 (1J PW = 251.8 Hz, C), 
A:B:C = 1.4:1.0:1.7; 1H NMR (400.1 MHz, CDCl3): δ 7.96 (t, Har), 7.73–7.07 (Har), 
6.85–6.76 (m, =CHPhC), 6.67 (ddd, 3J trans = 15.7, 3J HH = 9.2, 3J HP = 6.9 Hz, CH=C), 
6.59 (dd, 3J trans = 15.7, 4J HP = 3.4 Hz, =CHPhB), 6.52 (dd, 3J trans = 15.6, 4J HP = 2.0 
Hz, =CHPhC), 6.48 (ddd, 3J trans = 15.8, 3J HH = 8.9, 3J HP = 6.9 Hz, CH=B), 6.24–6.14 
(m, CH=C), 6.15 (ddd, 3J trans = 15.4, 3J HH = 8.2, 3J HP = 6.1 Hz, CH=A), 5.87 (dd, 
3J trans = 15.8, 4J HP = 3.1 Hz, =CHPhA), 4.98 (dd, 3J HH = 12.6, 2J HP = 9.5 Hz, PCHC), 
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4.51 (t, 2J HP ≈ 3J HH = 8.6 Hz, PCHA), 4.44 (t, 2J HP ≈ 3J HH = 9.0 Hz, PCHB), 4.20 (dd, 
3J HH = 10.0, 2J HP = 4.3 Hz, PCHC). 
Attempted Tetrahydro-1,5-diphosphocyne Formation from 13a 
n-Butyllithium (1.70 mL, 2.72 mmol) was added dropwise to TMP (0.385 g, 2.73 
mmol) in hexane (1.6 mL) at 0 °C. The resulting white suspension was stirred for 1 
h at 25 °C. Addition of THF (2.5 mL) afforded a clear yellow solution of LiTMP, which 
was added dropwise to freshly prepared 13a (0.638 g, 1.29 mmol) in THF (20 mL) 
at 0 °C to afford a deep purple-red mixture. After 1¼ h, dichlorophenylphosphine 
(180 μL, 1.33 mmol) in THF (10 mL) was added dropwise to give a dark brown-red 
mixture. 31P{1H} NMR (101.3 MHz): δ 126.6 (100%, PhP(Cl)TMP), 47.9 (15%), 46.4 
(24%), 11.0 (44%, 13a), 10.3 (70%, 13a), 8.8 (89%, 13a). 
Deprotonation of Phosphine-borane 13b 
n-Butyllithium (0.13 mL, 0.21 mmol) was added slowly to 13b (52.5 mg, 0.103 
mmol) in THF (3 mL) at −78 °C. The orange-red mixture turned deep red as it was 
warmed to 25 °C over 2 h. Addition of MeOD (25 μL) caused an instant color change 
to clear yellow. After aqueous workup and evaporation of the solvent, a yellow oil 
was obtained, which was analyzed by 31P NMR spectroscopy and GC-MS (oven 60–
270 °C at 7–17.5 min). 31P{1H} NMR (101.3 MHz, CDCl3): δ 39.8, 39.1, 38.9, ~32 
(very broad), 31.7, 31.3, 29.9; GC-MS: t (%) = 13.4 (100, 12-d ), 14.6 (23, 
1,3-diphenylheptane-d ), 15.4 min (9, 1,3-diphenylheptene); m/z (%): 195 (46), 
194 (45), 116 (100); 252 (17), 91 (100); 250 (22), 193 (100), 115 (85). 
Allylbenzene Dilithiation Experiments 
For a typical experiment, a round-bottomed flask under argon was charged with 
tetramethylethylenediamine (TMEDA, 0.30 mL, 2.0 mmol) and n-butyllithium (1.25 
mL, 2.0 mmol). After 15 min, allylbenzene (132.5 μL, 1.0 mmol) was added to give 
a yellow-red suspension. The mixture was quenched with MeOD (90 μL, 2.2 mmol) 
after the specified time. An aliquot of 2 M hydrochloric acid and an aliquot of 
hexane were added to separate the products from the TMEDA, and the hexane layer 
was sampled for GC-MS (oven 45–270 °C at 7–18.25 min). A reference mixture was 
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obtained by quenching a similar reaction mixture with MeOH after 45 min. GC-MS: t 
= 7.2 (allylbenzene), 7.7 (Z-propenylbenzene), 8.1 (E-propenylbenzene), 10.4 
(2-benzylhexane) min; m/z (%) = 119 (5) [M-13C]+, 118 (60) [M ]+, 117 (88) [M – 
H]+, 91 (100) [PhCH2]+; 119 (5) [M-13C]+, 118 (58) [M ]+, 117 (85) [M – H]+, 91 (100) 
[PhCH2]+; 119 (5) [M-13C]+, 118 (60) [M ]+, 117 (90) [M – H]+, 91 (100) [PhCH2]+; 
177 (4) [M-13C]+, 176 (30) [M ]+, 117 (13) [PhC3H4]+, 115 (14) [PhC3H2]+, 91 (100) 
[PhCH2]+. 
In another experiment, the nBuLi/TMEDA mixture was cooled to −78 °C, and 
THF (2.5 mL) was added. Allylbenzene (132.5 μL, 1.0 mmol) was added, resulting in 
a bright yellow mixture that slowly turned orange, and became red as it was 
warmed to 25 °C in 3 h. MeOD (90 μL, 2.2 mmol) was added, and the products were 
worked up and analyzed as specified above. 
In two other experiments, either nBuLi (1.25 mL, 2.0 mmol) or t BuLi (1.33 mL, 
2.0 mmol) was added dropwise to allylbenzene (132.5 μL, 1.0 mmol) in DEE (2.5 
mL) at −78 °C. The mixtures were warmed to 25 °C in 4 h, turning from yellow to 
orange and deep-red, respectively. MeOD (90 μL, 2.2 mmol) was added, and the 
products were worked up and analyzed as specified above. 
Phenylphosphine-borane (17) 
Lithium borohydride (530 mg, 24.3 mmol) was dissolved in THF (42.5 mL) at 0 °C, 
and dichlorophenylphosphine (1.50 mL, 11.1 mmol) was added in 10 min. After 30 
min, all volatiles were removed under vacuum. The white residue was extracted 
with five 20 mL-portions of pentane using a Whatman filter cannula, and the 
solvent was evaporated to afford a low-melting white solid (1.35 g, 10.9 mmol, 
98.5%). 31P NMR (101.3 MHz, CDCl3): δ −46.3 (br. t, 1J PH = 368 Hz); 31P{1H} NMR 
(101.3, CDCl3): δ −46.3 (q, 1J P¹¹B = 35.1 Hz); 13C{1H} NMR (62.9 MHz, CDCl3): δ 
133.8 (d, 2J CP = 9.1 Hz, o-Ph), 132.1 (d, 4J CP = 2.6 Hz, p-Ph), 129.3 (d, 3J CP = 10.6 
Hz, m-Ph), 119.9 (d, 1J CP = 57.8 Hz, ipso-Ph); 1H NMR (250.1 MHz, CDCl3): δ 7.71 
(dd, 3J HP = 12.2, 3J HH = 6.8 Hz, 2H, o-PhH), 7.61–7.43 (m, 3H, m/p-PhH), 5.52 (dq, 
1J HP = 372.0, 3J HH = 7.8 Hz, 2H, PH), 0.90 (br. q, 1J HB = 100.5 Hz, 3H, BH3). The 
compound should be stored at −20 °C to avoid borane decomplexation. 
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Monolithiation of 17 
n-Butyllithium (1.25 mL, 2.0 mmol) was slowly added to 17 (0.248 g, 2.00 mmol) 
in THF (5.85 mL) at −78 °C. The resulting bright yellow, clear mixture was stirred 
for 30 min at −78 °C and for another 1 h at 25 °C. Evaporation of the solvent 
afforded an off-white solid (0.75 g) that was shown to contain 1.5 equiv. THF by 1H 
NMR spectroscopy, as well as a small amount of uncomplexed lithiophosphide at δ P 
= −118.6 ppm. 31P NMR (101.3 MHz, THF-d 8): δ −92.8 (br. dq, 1J PH = 191.4, 1J PB = 
29 Hz); 31P{1H} NMR (101.3 MHz, THF-d 8): δ −92.8 (br. q, 1J P¹¹B = 31 Hz); 1H NMR 
(250.1 MHz, THF-d 8): δ 7.33 (br. dd, 3J HH = 7.2, 3J HP = 5.2 Hz, 2H, o-PhH), 6.89 (t, 
3J HH = 7.3 Hz, 2H, m-PhH), 6.76 (t, 3J HH = 7.2 Hz, 1H, p-PhH), 3.59 (m, 6H, THF), 
2.83 (dq, 1J HP = 192.2, 3J HH = 7.0 Hz, 1H, PH), 1.72 (m, 6H, THF), 0.54 (br. q, 1J HB = 
87 Hz, 3H, BH3). 
Dilithiation of 17 
n-Butyllithium (6.25 mL, 10.0 mmol) was slowly added to 17 (0.619 g, 5.00 mmol) 
in THF (14.62 mL) at −78 °C. The resulting bright yellow, clear mixture was stirred 
for 30 min at −78 °C and for another 30 min at 25 °C. After evaporation of the 
solvent, the off-white residue (1.11 g) was washed with 25 mL pentane and 
evaporated to afford a white solid that was shown to contain 1.5 equiv. THF by 1H 
NMR spectroscopy (0.95 g, 3.89 mmol, 78%). 31P{1H} NMR (101.3 MHz, THF-d 8): δ 
−162.2 (br. s); 1H NMR (250.1 MHz, THF-d 8): δ 7.23 (ddd, 3J HH = 7.8, 3J HP = 4.9, 
4J HH = 1.2 Hz, 2H, o-PhH), 6.49 (t, 3J HH = 7.5 Hz, 2H, m-PhH), 6.18 (t, 3J HH = 7.1 
Hz, 1H, p-PhH), 3.57 (m, 6H, THF), 1.73 (m, 6H, THF), 0.55 (br. q, 1J HB = 85 Hz, 3H, 
BH3). 
Bis((Z )-3-chloroallyl)(phenyl)phosphine-borane (18) 
n-Butyllithium (3.1 mL, 5.0 mmol) was slowly added to 17 (0.314 g, 2.53 mmol) in 
THF (25 mL) at −78 °C. After 35 min, (Z )-1,3-dichloropropene (465 μL, 5.13 mmol) 
in THF (5 mL) was added; the reaction mixture turned from clear bright yellow to 
turbid brown-red. After 20 min, the now clear red mixture was warmed to 25 °C, 
and all volatiles were removed under vacuum. The orange-red residue was 
extracted with five 10 mL-portions of pentane using a Whatman filter cannula, and 
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the solvent was evaporated. Clear faintly yellow oil, 0.57 g (2.09 mmol, 83%). 
31P{1H} NMR (162.0 MHz, CDCl3): δ 19.3 (q, 1J P¹¹B = 59 Hz); 13C NMR (100.6 MHz, 
CDCl3): δ 132.3 (d, 2J CP = 9.1 Hz, o-Ph), 132.1 (d, 4J CP = 2.5 Hz, p-Ph), 128.9 (d, 
3J CP = 9.9 Hz, m-Ph), 126.7 (d, 1J CP = 51.4 Hz, ipso-Ph), 122.5 (d, 3J CP = 11.9 Hz, 
=CHCl), 122.2 (d, 2J CP = 4.8 Hz, CH=), 25.0 (d, 1J CP = 34.8 Hz, CH2); 11B NMR 
(128.4 MHz, CDCl3): δ −37.6 (br. d, 2J BP = 52 Hz); 1H NMR (250.1 MHz, CDCl3): δ 
7.77 (ddd, 3J HP = 9.7, 3J HH = 8.0, 4J HH = 1.4 Hz, 2H, o-PhH), 7.57–7.51 (m, 1H, 
p-PhH), 7.51–7.44 (m, 2H, m-PhH), 6.19 (ddt, 3J HH = 7.1, 4J HP = 3.7, 4J HH = 1.5 Hz, 
2H, =CHCl), 5.84 (qd, 3J HH = 7.6, 3J HP = 5.7 Hz, 2H, CH=), 3.01 and 2.94 (ABIPX 
system, 2J HH = −14.5, 2J HP = 12.7 Hz, 3J HH = 7.8, 4J HH = 1.3 Hz, 4H, CH2), 0.77 (br. 
q, 1J HB = 93 Hz, 3H, BH3); HR EI-MS: calcd for C12H13Cl2P (18 − BH3): 258.0132; 
found: 258.0132; m/z (%): 271 (8) [M − H]+, 260 (16) [M-37Cl − BH3]+, 258 (30) [M 
− BH3]+, 237 (17) [M − Cl]+, 225 (28) [M-37Cl − BH3 − Cl]+, 223 (100) [M − BH3 − 
Cl]+, 189 (14), 147 (78), 133 (10), 123 (24), 115 (32), 109 (29), 107 (14), 91 (9), 77 
(13); R f (silica/8:1 pentane/ethyl acetate): 0.45. 
When a ~1:1 isomeric mixture of (E )- and (Z )-1,3-dichloropropene was used, 
also the (E,Z ) and (E,E ) isomers were obtained, which could be separated by column 
chromatography; R f (silica/8:1 pentane/ethyl acetate): 0.36 (E,Z ), 0.23 (E,E ). 
Attempted Synthesis of Tetrahydro-1,5-diphosphocyne-Borane 19 
Method A: Magnesium chloride (0.135 g, 1.42 mmol) and sodium iodide (0.213 g, 
1.42 mmol) were dried by heating under vacuum. Under argon, freshly cut 
potassium metal (0.10 g, 2.6 mmol) and THF (5.0 mL) were added and the mixture 
was refluxed for 2.5 h. The black-grey suspension was allowed to cool to 25 °C, 
and a solution of 18 (0.155 g, 0.568 mmol) in THF (2 mL, rinsed twice with 0.5 mL) 
was added. After 1.5 h, a warm water bath was applied. After another 2.5 h, the 
black suspension was added dropwise through a Whatman filter cannula to a 
solution of dichlorophenylphosphine (77.1 μL, 0.568 mmol) in THF (5 mL). Each 
deep purple drop was decolorized instantly to afford a clear yellow mixture. 31P 
NMR spectroscopy showed broad phosphine-borane signals at δ = 18–5 and −2–
−8 ppm, sharp large signals at 176.3 (presumably PhP(Cl)MgCl) and −47.1 ppm, 
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and small signals at 163.1 (unreacted PhPCl2) and 28.4 ppm. After mildly acidic 
aqueous workup and extraction with pentane, the resonance at −47.1 ppm (−46.8 
ppm in C6D6) was still present. However, 1H, 1H{31P}, and 1H,31P HMBC NMR 
spectroscopy indicated a mixture with at least three different allylic CH2 groups. All 
efforts to further characterize or work up the mixture were fruitless. 
Method B: Small magnesium flakes (124.72 mg, 5.13 mmol) and zinc chloride 
(33.92 mg, 249 μmol) were flame-dried briefly under vacuum. Under argon, 88 μL 
of a solution of 1,2-dibromoethane (13.2 μL, 153 μmol) in THF (300 μL) was added. 
After ethene evolution, the mixture was diluted with 0.2 ml THF and warmed to 45 
°C. 18 (0.292 g, 1.07 mmol) in THF (0.84 mL) was added dropwise, followed by the 
remaining 1,2-dibromoethane solution. The suspension turned black while 
refluxing for 3 h, and was allowed to precipitate overnight. The yellow supernatans 
was carefully transferred to a Schlenk with a little copper(I)cyanide, and 
dichlorophenylphospine (136 μL, 1.00 mmol) in THF (1 mL) was added dropwise. 
31P NMR spectroscopy of the yellow solution indicated a large amount of unreacted 
PhPCl2 at 163.1 ppm and several small signals at δ = 50–−10, −15.6 (broad), 
−46.8, −62.8 and −63.7 ppm. No further workup was performed. 
Method C: Sodium metal (52 mg, 2.26 mmol) was reacted with 18 (0.155 g, 0.568 
mmol) in THF (2 mL) at 0 °C for 5 h. The yellowish mixture was stirred overnight at 
25 °C. The now turbid red-brown mixture was transferred to a new Schlenk via a 
Whatman filter cannula, and the residue was rinsed with 1 mL THF. While cooling in 
ice, dichlorophenylphosphine (77.1 μL, 0.568 mmol) was added slowly, affording a 
yellow solution with a white precipitate. 31P NMR spectroscopy of the solution 
indicated a mixture of at least four different phosphine-boranes at δ = 24.1, 20.0, 
12.9 and 8.5 ppm, free phosphines at 88.7, 34.4, and −47.1 ppm, several smaller 
signals and a large amount of unreacted PhPCl2 at 163.1 ppm. No further workup 
was performed. 
Computational Methods 
SCS-MP2 Calculations. Second-order Møller–Plesset theory geometry optimizations 
were carried out with Gaussian 03[12] at the MP2/6-311++G(3df,3pd) level, using 
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tight integration and convergence criteria. The HF energy and the spin components 
E αα, E αβ and E ββ were extracted from the output, and were combined using factors 
of 6/5 for E αβ and 1/3 for E αα and E ββ to give the SCS-MP2 energy.[10] 
DFT Calculations. Hybrid density-functional theory geometry optimizations were 
carried out with ADF 2004.01[11] at the Becke88–Perdew86/TZP level, using an 
integration accuracy of 6.0 and convergence criteria of 1•10−6 for the SCF and 
1•10−4 for the geometry. The linear transit calculation was performed in Z-matrix 
coordinates, using an integration accuracy of 5.0 and convergence criteria of 
3•10−6 for the SCF and 3•10−4 for the geometry. 
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SUMMARY 
Stable and Configurationally Rigid Pentaorganosilicates 
In the first part of this thesis, we explore stable pentaorganosilicates, high-
valent silicon compounds with five carbon groups such as 1. Section 1.2 
presents a literature study of the proposed bonding models for silicates 
and of the dynamic behavior concerning their spatial geometry, followed by 
an overview of the young field of the tetra- and pentaorganosilicates. We 
aim to develop configurationally rigid, stable pentaorganosilicates for 
application in chiral ionic liquids or within the emerging area of chiral 
organosilicon catalysis. 
Chapter 2 describes the synthesis and characterization of the highly 
stable silicate 2 as the lithium and crystalline tetrabutylammonium salts. 
The anion contains two bidentate phenylpyrrole groups instead of biphenyl 
groups, suggesting a more general basis for stable pentaorganosilicates. 2 
can adopt different configurations I–III, and for the first time two of these 
are observed by NMR spectroscopy. In solution, the configurations are in 
dynamic equilibrium via intramolecular substituent interchange, for which 
the thermodynamic and kinetic parameters are determined. The results of 
DFT calculations are in good agreement with the experimental values. 
In Chapter 3, the electronic and steric factors that determine the 
stability of organosilicates are investigated by computational means. The 
negative charge in these compounds is distributed over all five substituents 
and the Si–C bonds have mixed covalent-ionic character, which is in accord 
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with the observed Si–C bond lengths and NMR 1J Si,C coupling constants. The 
axial bonds are less covalent than the equatorial ones and are prone to 
heterolytic dissociation. Aryl substituents strengthen the axial bonds 
considerably by charge delocalization but experience much mutual steric 
hindrance via their ortho-hydrogen atoms. To diminish the crowding, the 
equatorial aryl groups become tilted, generating repulsive overlap between 
their aromatic π systems and the axial bonds. Two bidentate biaryl groups 
in an axial-equatorial orientation provide a similar electron-withdrawing 
stabilization as do four aryl groups, but without the occurrence of steric 
hindrance or π repulsion. The monodentate substituent then occupies the 
remaining equatorial position, where it is strongly bound to silicon. These 
concepts adequately explain the experimentally observed stability trends 
and are valuable for designing other stable pentaorganosilicates. 
Chapter 4 offers a study of the intramolecular substituent interchange in 
pentaorganosilicates 1 (R = Me) and 2, showing excellent agreement of the 
experimental barriers and those calculated at the B3LYP/6-31G(d) level. 
Racemization of the propeller-shaped, spirocyclic anions can occur via two 
types of Berry pseudorotation (Figure 1). IRC calculations show that 
mechanism A bifurcates into two enantiomeric reaction paths that are 
inhibited by ortho-substitution of the bidentate ligands. Mechanism B 
proceeds via a trigonal-bipyramidal transition with one biaryl group in a 
bisequatorial arrangement, and an increase in π-electron density of the 
biaryl group causes a higher barrier. In this context, we also describe the 
synthesis of 1 (R = F) as the cesium and tetramethylammonium salts, which 
is the first tetraorganofluorosilicate to be isolated and fully characterized 
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Figure 1. Berry pseudorotation (BPR) mechanisms for bis(biaryl)silicates. 
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by NMR spectroscopy. The highly electronegative fluorine substituent 
increases the barrier of route A but lowers that of route B, and as a result 
this silicate pseudorotates very rapidly in solution. 
In Chapter 5, the concepts of the previous chapters are combined to 
develop a novel, stable pentaorganosilicate that should not undergo 
Si-epimerization. Bond energy analyses suggest that the thermodynamic 
stability of silicate 3 is similar to that of 1 (R = Me) and 2. The computed 
barrier height for epimerization of the silicon center should suffice to 
ensure the stereochemical rigidity of the anion at room temperature. Next, 
3 is synthesized (Scheme 1) and NMR spectroscopic characterization 
confirms the predicted spatial configuration. In enantiomerically pure form, 
this silicate might be applicable as chiral auxiliary or in chiral ionic liquids. 
Strained and Dynamic Organophosphorus Compounds 
The second part of this thesis describes the application of low-valent 
organophosphorus chemistry to synthesize strained and dynamic 
compounds. Section 1.3 discusses the electrophilic terminal phosphinidene 
complexes, phosphorus analogues of carbenes. 1,2-Addition of these 
reactive, transient species to unsaturated substrates gives access to a 
wealth of organophosphorus compounds, among which highly strained 
spirocyclic molecules, dynamic systems and cage structures. The products 
are interesting in view of their electronic structure and reactivity as well as 
for applications in catalysis. 
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Scheme 1. Synthetic route to configurationally stable silicate 3. 
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Chapter 6 describes the novel ring-fused tricyclic phosphiranes 4, which 
are synthesized by exo addition of ‘free’, transient phosphinidene–W(CO)5 
complexes to hexamethyl Dewar benzene. Both the Z and the thermally 
less stable E diastereomer are obtained, which differ ca 60 ppm in 31P NMR 
chemical shift. A computational investigation attributes this variation in 
shielding to the difference in phosphorus pyramidalization as well as to the 
presence of the ɣ double bond. In the crystal structure of Z-4 (R = Ph), the 
central methyl groups are tilted toward the cyclobutene moiety due to 
steric hindrance. As a result, the double bond is inaccessible for 1,2-
addition of a second phosphinidene or a carbenoid, but it can be 
epoxidized with MCPBA to afford a tetracyclic P,O bisadduct. 
In Chapter 7, the diphosphine complexes 7 are investigated by 
BP86/TZP and SCS-MP2 calculations, showing that the unsaturated basket-
like ligand would readily undergo a dynamic [3,3]-Cope rearrangement. In 
effect, the steric and electronic properties of the coordinating phosphorus 
centers are thus interchanged. This phenomenon might prove valuable in 
catalysis, by affecting the shape of the active site and the strengths of the 
coordinative bonds trans to the ligand. Also, calculations indicate 7 to be 
stable against possible decomposition via phosphinidene retroaddition 
from the phosphirane moiety. Next, a general synthetic route toward 7 is 
proposed (Scheme 2), followed by a description of our attempts to generate 
the required dihydrophosphocynes 6. 
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Scheme 2. General route to Cope-diphosphine complexes 7. 
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Hoogvalente Silicium- en Laagvalente Fosforverbindingen 
Stabiele en Vormvaste Pentaorganosilicaten 
In het eerste deel van dit proefschrift onderzoeken we stabiele 
pentaorganosilicaten, hoogvalente silicium-verbindingen met vijf koolstof-
groepen zoals 1. Sectie 1.2 geeft een literatuurstudie van de voorgestelde 
bindingsmodellen voor silicaten en van hun dynamisch gedrag qua 
ruimtelijke structuur, gevolgd door een overzicht van het jonge terrein van 
de tetra- en pentaorganosilicaten. Ons doel is om vormvaste, stabiele 
pentaorganosilicaten te ontwikkelen voor toepassing in chirale ionische 
vloeistoffen of binnen het opkomende vakgebied van de chirale 
organosilicium-katalyse. 
Hoofdstuk 2 beschrijft de synthese en karakterisering van het zeer 
stabiele silicaat 2 als lithium- en kristallijn tetrabutylammonium-zout. Het 
anion bevat twee bidentaat fenylpyrroolgroepen in plaats van bifenyl-
groepen, wat een veel algemenere basis voor stabiele pentaorganosilicaten 
suggereert. 2 kan verschillende configuraties I–III aannemen en voor het 
eerst zijn twee van zulke vormen waargenomen met NMR-spectroscopie. In 
oplossing zijn de configuraties in dynamisch evenwicht via intramoleculaire 
substituent-uitwisseling, waarvoor de thermodynamische en kinetische 
parameters zijn bepaald. De resultaten van DFT-berekeningen komen zeer 
goed overeen met de experimentele waarden. 
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In Hoofdstuk 3 wordt een theoretische studie verricht naar de 
electronische en sterische factoren die de stabiliteit van organosilicaten 
bepalen. De negatieve lading in deze verbindingen is verspreid over alle vijf 
de substituenten en de Si–C bindingen hebben gemengd covalent-ionisch 
karakter, in overeenstemming met de waargenomen Si–C bindingslengtes 
en NMR 1J Si,C koppelingsconstanten. De axiale bindingen zijn minder 
covalent dan de equatoriale en zijn daardoor gevoeliger voor heterolytische 
dissociatie. Arylsubstituenten versterken de axiale bindingen aanzienlijk 
door ladingsdelocalisatie maar ondervinden onderling veel sterische hinder 
via hun ortho-waterstofatomen. Om de hinder te verminderen kantelen de 
equatoriale arylgroepen, wat repulsieve overlap veroorzaakt tussen hun 
aromatische π-systemen en de axiale bindingen. Twee bidentaat 
biarylgroepen in een axiaal-equatoriale oriëntatie leveren een vergelijkbare 
electronenzuigende stabilisatie als vier arylgroepen, maar zonder dat er 
sterische hinder of π-repulsie optreedt. De monodentaat substituent 
neemt dan de resterende equatoriale positie in, waar hij sterk gebonden is 
aan silicium. Deze concepten verklaren de experimenteel waargenomen 
stabiliteitstrends adequaat en vormen een waardevolle basis om andere 
stabiele pentaorganosilicaten te ontwerpen. 
Hoofdstuk 4 omvat een studie van de intramoleculaire substituent-
uitwisseling in pentaorganosilicaten 1 (R = Me) en 2, waarbij de 
experimentele en de op B3LYP/6-31G(d)-niveau berekende barrières zeer 
goed overeenkomen. De propellervormige, spirocyclische anionen racemi-
seren via twee typen Berry pseudorotatie (Figuur 1). IRC-berekeningen voor 
mechanisme A tonen een opsplitsing in twee enantiomere reactiepaden die 
Mechanisme A: Mechanisme B: 
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Figuur 1. Mechanismes voor Berry pseudorotatie (BPR) van bis(biaryl)silicaten. 
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kunnen worden onderdrukt door ortho-substitutie van de bidentaat 
liganden. Mechanisme B verloopt via een trigonaal-bipyramidale 
overgangstoestand met één bisequatoriaal geplaatste biarylgroep, waarbij 
een toenemende π-electronendichtheid van de biarylgroep een hogere 
barrière veroorzaakt. In deze context wordt ook de synthese beschreven 
van 1 (R = F) als cesium- en tetramethylammonium-zout, het eerste 
tetraorganofluorosilicaat dat is geïsoleerd en volledig is gekarakteriseerd 
met NMR-spectroscopie. De sterk electronegatieve fluor-substituent 
verhoogt de barrière voor route A maar verlaagt die voor route B, zodat dit 
silicaat zeer snel pseudoroteert in oplossing. 
In Hoofdstuk 5 worden de inzichten van de voorgaande hoofdstukken 
gecombineerd om een nieuw stabiel pentaorganosilicaat te ontwikkelen dat 
geen Si-epimerisatie ondergaat. Bindingsenergie-analyses duiden aan dat 
de thermodynamische stabiliteit van silicaat 3 vergelijkbaar is met die van 
1 (R = Me) en 2. De berekende barrière voor epimerisatie van het silicium-
centrum is dermate hoog dat het anion vormvast zou moeten zijn bij 
kamertemperatuur. 3 is vervolgens gesynthetiseerd (Schema 1) en NMR-
spectroscopische karakterisering bevestigt de voorspelde ruimtelijke 
configuratie. In enantiomeer zuivere vorm zou dit silicaat toegepast 
kunnen worden als chirale hulpstof of in chirale ionische vloeistoffen. 
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Schema 1. Synthetische route naar vormvast silicaat 3. 
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Gespannen en Dynamische Organofosforverbindingen 
Het tweede gedeelte van dit proefschrift beschrijft de toepassing van 
laagvalente organofosfor-chemie voor de synthese van gespannen en 
dynamische verbindingen. Sectie 1.3 richt zich op de electrofiele terminale 
fosfinideen-complexen, fosfor-analogen van carbenen. 1,2-Additie van 
deze reactieve, kortlevende deeltjes op onverzadigde substraten levert een 
breed scala aan organofosfor-verbindingen, zoals zeer gespannen 
spirocyclische moleculen, dynamische systemen en kooistructuren. De 
produkten zijn interessant zowel uit oogpunt van hun electronische 
structuur en reactiviteit als voor toepassingen in katalyse. 
Hoofdstuk 6 beschrijft de nieuwe ring-gefuseerde tricyclische fosfiranen 
4 die zijn gesynthetiseerd door exo-additie van ‘vrije’, kortlevende 
fosfinideen–W(CO)5 complexen aan hexamethyl Dewar benzeen. Zowel de 
Z- als de thermisch minder stabiele E-diastereomeer worden gevormd, 
welke qua 31P NMR chemische verschuiving circa 60 ppm schelen. Een 
theoretische studie toont aan dat dit verschil in afscherming wordt 
veroorzaakt door het verschil in fosfor-pyramidalisatie en de aanwezigheid 
van de ɣ-dubbele binding. In de kristalstructuur van Z-4 (R = Ph) zijn de 
middelste methylgroepen naar de cyclobuteen-eenheid toe gebogen 
vanwege sterische hinder. De dubbele binding is niet toegankelijk voor 
1,2-additie van een tweede fosfinideen of een carbenoïde, maar kan wel 
worden geëpoxideerd met MCPBA tot een tetracyclisch P,O-bisadduct. 
In Hoofdstuk 7 worden difosfinecomplexen 6 bestudeerd middels 
BP86/TZP en SCS-MP2-berekeningen, waaruit volgt dat het onverzadigde 
mandvormige ligand gemakkelijk een dynamische [3,3]-Cope-omlegging 
zou ondergaan. Effectief worden zo de sterische en electronische eigen-
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schappen van de coördinerende fosforcentra verwisseld. Dit verschijnsel 
kan van nut zijn in katalyse, doordat de vorm van het actieve centrum en 
de sterktes van de coördinatieve bindingen trans ten opzichte van het 
ligand worden beïnvloed. Ook geven berekeningen aan dat de fosfiraan-
eenheid stabiel is jegens de mogelijke ontleding via fosfinideen-
retroadditie. Daarna wordt een algemene syntheseroute naar 6 voorgesteld 
(Schema 2), gevolgd door een beschrijving van onze pogingen om de 
benodigde dihydrofosfocynes 5 te vormen. 
 
PP
Lx
M
PhPh PP
Lx
M
PhPhPh P P PhPh P
X
X
[3,3]
Cope  
 5 6 
Schema 2. Algemene route naar Cope-difosfinecomplexen 6. 
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Ma, jouw luisterend oor was mijn klankbord en heeft tot menig idee geleid. 
Bedankt voor alle goede zorgen! 
Erik
161 
CURRICULUM VITAE 
De schrijver van deze dissertatie, Erik Pieter Adriaan Couzijn, werd geboren 
op 27 september 1980 te Alkmaar. Tijdens het VWO behaalde hij prijzen bij 
verschillende bèta-wedstrijden, waaronder de eerste prijs in de categorie 
Natuurkunde bij de International Conference of Young Scientists in 1998 
(Visegrád, Hongarije), een zilveren medaille bij de 30th International 
Chemistry Olympiad (Melbourne, Australië) en de Alumniprijs bij de 10th 
European Union Contest for Young Scientists (Porto, Portugal). In juni 1998 
verkreeg hij zijn gymnasium-diploma cum laude aan OSG Willem Blaeu te 
Alkmaar. 
Erik begon een studie Scheikunde aan de Vrije Universiteit te Amsterdam 
en behaalde zijn propaedeuse cum laude in augustus 1999, waarvoor hij 
een VNCI Beurs voor Excellente Studenten ontving. Zijn hoofdvak in 
Organische Chemie omvatte zes maanden stage in organosilicium-chemie 
(prof.dr. K. Lammertsma) en een scriptie over rotaxanen en catenanen. 
Voor zijn bijvak in Fysische Chemie liep Erik vijf maanden stage in 
femtoseconde laser-reactiedynamica (dr. M. H. M. Janssen). Hij verkreeg de 
graad van Doctorandus cum laude in augustus 2002. 
Vanaf oktober 2002 voerde Erik vier jaar promotie-onderzoek uit aan 
hoog-valente silicium- en laag-valente fosforverbindingen in de groep van 
prof.dr. K. Lammertsma. Hij heeft zijn werk gepresenteerd op diverse 
nationale en internationale conferenties, waaronder de 2004 International 
Conference on Phosphorus Chemistry (Birmingham, Engeland) en de 14th 
International Symposium on Organosilicon Chemistry (Würzburg, 
Duitsland). 
Sinds januari 2007 is Erik werkzaam als postdoctoraal onderzoeker in 
organofosfor-chemie in de groep van prof.dr. K. Lammertsma. 

163 
CURRICULUM VITAE 
The author of this thesis, Erik Pieter Adriaan Couzijn, was born on 27 
September 1980 in Alkmaar, The Netherlands. During high school, he 
received awards at various science competitions, among which the first 
prize in Physics at the 1998 International Conference of Young Scientists 
(Visegrád, Hungary), a silver medal at the 30th International Chemistry 
Olympiad (Melbourne, Australia), and the Alumni prize at the 10th European 
Union Contest for Young Scientists (Porto, Portugal). June 1998, he 
graduated cum laude from grammar school at OSG Willem Blaeu in 
Alkmaar. 
Erik went to study Chemistry at the VU University in Amsterdam and 
passed his propaedeutics cum laude in August 1999, for which he received 
a VNCI Grant for Excellent Chemistry Students. His major in Organic 
Chemistry included six months of research on organosilicon chemistry 
(Prof. Dr. K. Lammertsma) and a thesis on rotaxanes and catenanes. For his 
minor in Physical Chemistry, Erik carried out a five-month internship on 
femtosecond laser reaction dynamics (Dr. M. H. M. Janssen). He obtained 
his M.Sc. in Chemistry cum laude in August 2002. 
From October 2002, Erik performed four years of Ph.D. research on 
high-valent silicon and low-valent phosphorus compounds in the group of 
Prof. Dr. K. Lammertsma. He presented his work at several national and 
international conferences, including the 2004 International Conference on 
Phosphorus Chemistry (Birmingham, UK) and the 14th International 
Symposium on Organosilicon Chemistry (Würzburg, Germany). 
As from January 2007, Erik is working as a postdoctoral fellow on 
organophosphorus chemistry in the group of Prof. Dr. K. Lammertsma. 

 
  
